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Abstract 
 
 
Phytophthora diseases have caused worldwide economic, social and environmental 
impacts for decades. Once their presence is confirmed, they are difficult to eradicate. To 
reduce and manage the damage inflicted by the pathogen, fast and reliable disease 
management protocols are required. Tests that enable the rapid and reliable 
identification of the pathogen assist greatly in disease management. 
 
Phytophthora species are traditionally not only detected by baiting but also by plating of 
symptomatic tissue on selective media.  Species can be identified by the characteristics 
of the mycelium growing out of the bait.  However, the method is low throughput, 
labour intensive, and prone to false negatives.  An alternative approach would be to 
detect the pathogen by the presence of its DNA.  This involves amplification of the 
pathogen DNA using Polymerase Chain Reaction (PCR) and detection of the 
amplification product.  Detection is usually by agarose gel electrophoresis.  However, 
this is also a labour intensive process involving pouring, loading, running, and staining 
of the gels.  The aim of this thesis is to explore the use of Matrix Assisted Laser 
Desorption/ Ionisation Time-of-Flight (MALDI-TOF) mass spectrometry for detection 
of PCR products.  This procedure enables the analysis of large numbers of samples 
within a very short time-frame as the average time for analysis of each sample is in the 
order of milliseconds.   
 
The assay involves annealing an extension (genotyping) primer to the PCR product and 
its extension by a single nucleotide.  The nature of the nucleotide added differentiates 
species as does the site to which the primer anneals.  Multiple extension (genotyping) 
primers can be used together in a single reaction for detection of multiple species.  In 
this project four genotyping primers (GPs) were designed from the ITS regions of   ix 
Phytophthora palmivora, Phytophthora cinnamomi, Phytophthora citricola, and 
Phytophthora cambivora.   
 
The extension primers were tested for their specificity on the DNA of the target species. 
The four primers designed were specific for their intended targets except for GPpalm3 
which in addition to being extended by ddT when tested with DNA from P. palmivora, 
was also extended by ddC when tested with DNA from other species of Phytophthora 
or Pythium. 
 
These primers were also tested for their ability to detect multiple Phytophthora species 
in a single reaction (multiplexing).  Mixtures of primers were added to mixed DNA 
templates and the primer extension reaction carried out.  The primers were designed so 
that their masses were sufficiently different for them to be identified from a mixture.  
Six replicates were analysed for each reaction.  In general only about 1-3 of the six 
replicates gave a positive reaction.  This indicates that there may be some interference 
between primers, or that the presence of all four nucleotides interfered with the primer 
extension reaction.   Increasing either the amount of enzyme, the amount of nucleotides 
or both did not improve the results.   
 
The sensitivity of detection was tested by the addition of different amounts of mycelium 
to soil.  The detection sensitivity depended on the primer pair used for PCR 
amplification.  The ITS1/2 primer pair was more sensitive than the ITS1/4 pair.  The 
limit of detection was 1 µg mycelium g soil
-1.  However using nested PCR, levels of 
sensitivity comparable to those obtained using the ITS1/2 primer pair could be 
achieved.  Primers to other regions of the genome such as the beta cinnamomin elicitin 
gene gave very low levels of sensitivity compared to the ITS primers.   
   x 
In comparison with DNA detection we found that the limit of detection using baiting 
was 4 µg mycelium g soil
-1.  Results below this limit were unreliable.  The method 
suffered from the additional disadvantage that it took a long time in comparison to DNA 
detection. 
 
DNA detection methods do not distinguish between living and dead organisms in the 
soil. However it can be hypothesised that DNA is unlikely to persist for any significant 
length of time in soil.  To test this, we added plasmid DNA to soil and tested the 
persistence of this DNA using a variety of methods such as precipitation of labelled 
DNA, southern blotting and PCR amplification. It was found that in general, in soils 
from different ecosystems, the bulk of the DNA was undetectable after 24 hours.  The 
rate of DNA breakdown differed with the soil type.  In some soils, the added DNA was 
not detected even after 2 hours, whereas in others it could be observed after 10 hours.  
The detection depended on the method.  Southern blotting showed that although DNA 
could be observed at 10 hours, by 24 hours it was completely degraded.  In contrast a 
PCR product could be obtained from the soil extracts up to 24 hours.  In a separate 
experiment, plasmid DNA was detectable over a 24 hour incubation period in 5 soil 
samples from 5 different sites. The results suggest that DNA is degraded rapidly in soil 
and is unlikely to persist longer than 24 hours. 
 
The results in this thesis demonstrate that MALDI-TOF MS is a suitable alternative to 
agarose gel electrophoresis for analysis of PCR products. The technique is rapid, 
differentiates species from mixtures, is high-throughput and amenable to automation. 
Implementation will require further research to automate the primer extension assay to 
reduce the sensitivity to impurities in the DNA and to design parameters for sampling 
asymptomatic material. 
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CHAPTER 1 
 
Introduction and literature survey 
 
 
1.0  Introduction 
 
Managing and controlling plant diseases efficiently is important to crop growers, 
environmentalists, legislators, policy makers and implementers. Various forms of 
diagnostic methods, classical or molecular have been used to learn and gain background 
information, combat and manage these diseases (Appiah et al., 2004; Blaker and 
MacDonald, 1983; Bonants et al., 2004; Cahill and Hardham, 1994; Eden et al., 2000). 
Plant disease researchers realised that to put in place any legislation or protocols for 
disease management, the disease and its causal agent has first to be detected and 
diagnosed (Bonants et al., 1997; Cahill and Hardham, 1994; Colquhuon and Hardy, 
2000; Drenth and Irwin, 2000). This places emphasis on the importance of a simple, 
cost effective, reliable detection method with a wide application range. 
 
In some cases, there exist similarities in the disease symptoms and also the occurrence 
of multiple pathogens on a single host which can influence the sensitivity and accuracy 
of any detection and diagnostics. To manage and combat any pathogenic diseases 
efficiently, a diagnostic method which can discriminate and detect multiple species in a 
single reaction accurately is imperative. A high-throughput detection method with 
multiplexing capability and good detection sensitivity such as PCR-based diagnostics 
complemented with different end detection systems could increase the implementation 
efficiency of relevant disease control protocols and managing the disease. This high-
throughput multiplexed detection system can reduce analysis time and cost and at the 
same time increase the speed of disease information gathering and dissemination. With 
efficient disease management, growers could increase their yield and crop quality and   2 
also reduce the costs of fungicides used. Apart from that, it will reduce the time utilised 
by quarantine regulators and importers to implement existing import and export 
regulations hence can be a cost saving step.  The efficient implementation of the disease 
management protocols and procedures will indirectly contributes to the improvement of 
the economic and social environments domestically and globally. 
 
1.1  What is Phytophthora? 
 
Phytophthora is a microscopic oomycete plant pathogen in the order Peronosporales, 
family Pythiacae which includes the fast growing Pythium. Phytophthora can spread 
rapidly through water as wet soil conditions are conducive for disease dispersal by 
asexual flagellate zoospores (Erwin and Ribeiro, 1996; Pettitt et al., 2002).  
Phytophthora first showed its capacity to destroy and cause massive destruction in the 
1880s with the appearance of P.infestans and then P.cinnamomi (Gregory, 1983; 
Podger, 1972). Since then, more than 50 species of Phytophthora have been recognised 
and the number has been increasing recently with new species being discovered and 
identified (Irwin and Ribeiro, 1996; Jung et al., 1999; Hansen et al., 2000). 
 
The Phytophthora pathogen attacks native trees such as euclaypts in the south-west of 
Western Australia, oak trees on the west coast of America, cocoa in Africa, ornamental 
plants such as rhododendron and azalea and economic crops such as potato and alfalfa 
(Podger, 1975; Zentmyer, 1980; Wills, 1993). Root rot is the commonly found symptom 
where zoospores infect roots and stem bases or leaf blight on foliage of the plants 
reducing or limiting movement of nutrients and water within the plant. The disease 
symptoms attributed to Phytophthora vary depending on both the host species and the 
Phytophthora species. These Phytophthora species have divided into six main groups   3 
based on their morphological and physiological characteristics (Waterhouse, 1963; 
Erwin and Ribeiro, 1996).   
 
1.2  Classification of Phytophthora species 
 
1.2.1  Traditional classification 
 
Phytophthora species have been classified in several ways according to their 
morphology or molecular structures. The classical/ traditional taxonomy of species used 
to identify and differentiate the species is based on two characteristics. They are:- 
(i) sporangial morphology where the sporangia is either papillate, semi-papillate or non-
papillate (Zentmyer, 1980; Erwin and Ribeiro, 1996), 
(ii) sexual structures which are either paragynous and/ or amphigynous which are 
oospores with antheridia formed in crosses between A1 and A2 mating types. These 
amphigynous antheridia are also formed by homothallic Phytophthora species such as 
P.cactorum, P.pseudosyringae, P.megasperma among others (Waterhouse, 1963; 
Newhook et al., 1978; Zentmyer, 1980). 
 
1.2.2  Molecular classification 
 
Innovations such as PCR and DNA sequencing have increased the level of information 
that can be obtained to identify and characterise Phytophthora species. The molecular 
information derived from internal transcribed spacer (ITS) rDNA or intergenic spacer 
(IGS) regions has been used in identifying Phytophthora species. For example, 
Crawford et al., (1996) found that the nucleotide differences in the ITS regions and their 
morphological structures could be used to differentiate fifteen Phytophthora species. 
Cooke and Duncan (1997) and Cooke et al., (2000) described and classified 
Phytophthora species based on their ITS sequences using phylogenetic relationships. 
From ITS sequences of about 48 Phytophthora species, they described, identified and   4 
grouped them in ten clades. However, the information derived from these ITS regions 
do not support the classification based on morphological structures described by 
Waterhouse (1963). But in some extent corresponds with earlier classification by other 
researchers such as Zentmyer (1980), Stamps et al., (1990) and Erwin and Ribeiro 
(1996). The presence or absence of a distinct papilla and caducity or persistence of the 
sporangium is also attributed to the Phytophthora aerial or soilborne lifestyle and to 
some extent related to evolutionary groups (Cooke et al., 2000). However, some species 
such as P.medicaginis and P.megasperma and hybrids are morphologically 
indistinguishable. This is due to the intra- and inter-specific variations and overlapping 
of their morphological characters. But phylogenetic analysis of their ITS sequences 
showed that they can be put into separate clades (Cooke and Duncan, 1997; Liew et al., 
1998; Brasier et al., 1999; Cooke et al., 2000). Morphological and molecular 
information coupled with other criteria such as optimum growth temperatures, growth 
rates, morphological (growth) characteristics in culture and mating behaviour increases 
the accuracy in identifying and characterising Phytophthora species (Brasier et al., 
1999; Bonants et al., 2000). 
 
1.3  Life cycle of Phytophthora 
Phytophthora species can be found in loam, sandy-loamy, silty or clay soils with pH 
between 3.5 and 6.6 (Jung et al., 2000). They also prefer warm, moist conditions with 
temperatures between 25 and 30 
oC, thriving in areas receiving an annual average 
rainfall greater than 500 mm and poor drainage with host plants that are susceptible to 
infection (Blaker and MacDonald, 1983; Shearer, 1989; 1992).  However there are a 
series of low temperature Phytophthora species with an optimum growth between 15 
and 20 
oC and a maximum between 25 – 27 
oC. These Phytophthora species include P.   5 
hibernalis, P.syringae, P.psychrophila, P.pseudisyringae (Jung et al., 2002 and 2003) 
and P.ramorum (Werres et al., 2001). 
 
The life cycle of Phytophthora consists of asexual and sexual stages depending on the 
environmental conditions where it persists (Figure 1.1). In the asexual component, the 
vegetative structure, sporangium, germinates by a germ tube producing a mass of 
thread-like mycelia. The sporangium can germinate directly when the environment’s 
free water is optimum with temperatures between 15-38 
oC, releasing mobile flagellated 
zoospores that can infect new hosts (Figure 1.1). In heterothallic species, the production 
of sexually derived oospores is primarily dependent on the presence of both mating 
types at the site. 
 
The zoospores which are short-lived vegetative spores spread to their hosts through soil, 
ground water and surface water. Zoospores penetrate roots of susceptible plants by 
producing a germ tube. This germ tube will form hyphae which gradually spreads to 
other parts of the plant. They also spread actively through standing water where they are 
chemotactical attracted to roots (Eden et al., 2000). 
   6 
 
Figure 1.1 Generalised diagram of the asexual and sexual life cycle Phytophthora species 
showing the pathways through which plants can be infected (adapted from web resources). 
 
 
 
 
Under warm, moist conditions, this cycle continues with Phytophthora reproducing via 
its microscopic fruiting bodies (sporangium) that will produce and release zoospores 
(Figure 1.1). In harsh conditions (such as hot dry summers or droughts), the asexual 
component produces the resting hard-coated structure, the chlamydospore, which can 
reside in the soil for a few months or more (Reynolds et al., 1986). These resting 
structures enable Phytophthoras to survive these harsh conditions. When conditions are 
favourable (warm and moist), the long surviving chlamydospores can germinate and 
release zoospores which will spread through moving water to infect the plants’ roots.   7 
In the sexual component, gametes known as the oogonium and antheridium mate to 
produce sexual spores known as the oospores. Oospores can survive for many years in 
soil (Duncan, 1980). These oospores behave as resting structures where they are 
dormant when the environmental conditions are unfavourable. When conditions are 
optima, these oospores germinate to produce mycelia. This will be followed by the 
formation of sporangium and zoospores, thus continuing the pathogen’s lifecycle 
(Blaker and MacDonald, 1983; Shearer, 1989). 
 
For many diseases caused by Phytophthora species, oospores in infested soils provide 
the primary inoculum (Hord, 1992). Repeat cycles of sporangium formation, dispersal 
and zoospore release are responsible for secondary infection in the asexual phase of the 
disease. 
 
1.4  Distribution and economic importance of Phytophthora diseases 
Diseases caused by Phytophthora species are widespread and found in a range of hosts 
with high socio, economic and environmental impacts (Erwin and Ribeiro, 1996). In 
Australia alone, around 22 morphological species or varieties of Phytophthora have 
been recorded (Irwin et al., 1995). Phytophthora diseases can be detected in 
horticultural, pastoral, ornamental and forestry plants, posing a threat to these industries 
such as limiting the expansions of farming and tourism with losses amounting to 
millions of dollars yearly (Cahill, 1993). Various species have been identified and 
described such P.cinnamomi, P.infestans, P.citricola, P.megasperma, P.medicaginis 
and P.nicotianae. P.cinnamomi is the most widespread and researched root rot species 
due to its damaging effects to native plant species and also to crop and flower growers 
(Zentmyer, 1980; Goodwin et al., 1997; Trout et al., 1997; Liew et al., 1998; Boersma 
et al., 2000).   8 
1.4.1  Root and collar rot disease 
The destructive root and collar rot disease infects a wide variety of economically 
important plants and crops such as eucalpyts, peaches, apples, soybean, oaks and pines 
to name a few. These root diseases are caused by many species such as P.cinnamomi, 
P.citricola and P.sojae (Podger, 1975; Shea, 1977; Zentmyer, 1980; Irwin, 1997) where 
in the fine root disease responsible for European oak decline, more than 10 species are 
involved (Jung et al., 1996, 2000; Hansen and Delatour, 1999; Vettraino et al., 2002; 
Balci and Halmschlager, 2003a, b; Johnson et al., 2005). The extensive research carried 
on P.cinnamomi was due to its impact on the conservation efforts for native trees as 
P.cinnamomi has a host range of more than 1000 plant species (Weste, 1979; Zentmyer, 
1980). Diseases caused by P.cinnamomi are threatening the probable reduction of 
species diversity and extinction of native species (Shearer et al., 1989; Erwin and 
Ribeiro, 1996). 
 
P.cinnamomi is a soilborne and intracellular oomycete plant pathogen which utilises 
free water for its spread and infections. It thrives at temperatures between 20 to 30 
oC. It 
infects plants through the roots and interferes with water and nutrient uptake from the 
soil. This causes rotting of the cambium leading to wilting of the leaves and eventually 
death of the plant (Zentmyer, 1980; Coffey, 1992).  Additional factors that contribute to 
death of the plant are the extensive loss of fine roots, and the lack of suberised roots as 
shown in the decline of P quercina. The pathogen can also survive in roots, soil and 
plant material as chlamydospores, thus protecting it from fungicides and fumigation 
(Mennecke, 1984). Activities during wet seasons or irrigation can increase disease 
spread through oospore movement to non-infested areas. The wide host range and its 
ability to survive in soils and plants are some of the difficulties faced in controlling 
P.cinnamomi spread and infestation.   9 
1.4.1.1 P.cinnamomi in Australia 
Jarrah forests play an important role in the socio-economic community of Australia, 
thus its well-researched background. Jarrah dieback disease was first recognised as the 
disease of Eucalyptus marginata (Jarrah) in 1922. The causal agent was identified as 
P.cinnamomi in 1965 (Podger, 1972). In the early years of discovering P.cinnamomi, 
road-construction, drainage works, fence construction works, firebreak construction and 
maintenance are the vectors involved in the spread of P.cinnamomi to non-infested 
areas. Through these industries, P.cinnamomi now has a very widespread distribution in 
the jarrah forests of south-west of Western Australia and other native Australian 
vegetation systems (Shearer and Tippet, 1989; Willis, 1993).  
 
P.cinnamomi is known to infect over 3000 native Australian plant species (Shearer et 
al., 2004). Its impact varies from occasional death of understorey plants to total death of 
susceptible plants (Colquhoun, 2000). The severity and degree of P.cinnamomi’s impact 
in jarrah forests and other plant species is a result of a combination of susceptible plants, 
the pathogen genotype, type of soil, topography and weather conditions (Zentmyer, 
1980; Hart, 1992). 
 
The economic consequences of P.cinnamomi caused diseases have also contributed to 
huge losses to the horticultural industry in Western Australia such as those experienced 
by growers of proteas and wildflowers (Boersma et al., 2000). P.cinnamomi is also a 
problem in the farming of species such as pineapples and avocado with losses ranging 
from 6-50% of total production.  Apart from its impact on economic industries, 
P.cinnamomi has also reduced the floristic diversity of existing fauna and flora in 
infected native vegetation of south-west Australia (Shearer and Hill, 1989; Shearer and   10 
Dillon, 1996).This poses a threat to conservation of vulnerable species such as the 
Banksia woodland (Shearer et al., 2004).  
 
The loss of native trees and plants due to P.cinnamomi has resulted in deforestation and 
land denudation in some areas with indirect effects to potable water supplies. Damage 
can also occur in recreation, wildflower picking, farming and logging (Zentmyer, 1980).  
 
1.4.2  Other Phytophthora diseases with high economic impacts 
The genus Phytophthora first became known worldwide because of the devastating 
effects of P.infestans, the causal agent of the 1840’s Irish famine. P.infestans destroyed 
the potato crops in Ireland by attacking both the tubers and foliage irrespective of the 
stage of crop development resulting in black potato rot in the fields. This caused mass 
starvation and poverty attributed to the high economic losses and prompted the 
emigration of a huge population to the United States of America and elsewhere 
(Gregory, 1983). 
 
This pathogen has made another comeback with the migration of virulent and fungicide-
resistant strains (Fry and Goodwin, 1997). The appearance of these highly aggressive 
and fungicide-resistant strains in North America and Europe posed a new problem as 
they were more difficult to manage than the older fungicide-sensitive strains (Miller et 
al., 1998). In USA alone, the incidence of potato blight disease has increased from 250 
hectares (ha) in 1990 to more than 15000 ha in 1993 (John and Cummings, 1997). 
Currently no labelled chemicals have been known to kill the late blight pathogen once it 
becomes established in a plant. 
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Another Phytophthora caused disease that has also made its impact in domestic and 
global economics is attributed to four Phytophthora species; P.palmivora, P.megakarya, 
P.capsici and P.citrophthora (Appiah et al., 2004). It is known as Black Cocoa Pod 
disease and has managed to cause huge economic losses to West African cocoa growers 
through infection of cocoa pods by one or more of these species. Infection of the 
pathogen leads to fruit rot where the cocoa fruit or pods develop black and whitish 
colouration (Figure 1.2) and growth of infected plants to become stunted.  
 
 
   
 
Figure 1.2  The black and whitish discolouration on the cocoa pods (Cocoa Black Pod): an 
indications of the presence of Phytophthora disease (taken from the internet).  
 
 
 
Disease control measures such as spraying copper-based fungicides have been taken. 
However, the multiple Phytophthora species currently known have differing disease 
impacts and severity and this is challenging the disease management authorities. Also 
lack of funds and educational information available to the cocoa growers contributes to 
the irregular and incorrect use of fungicides. The reduction in product quality has 
contributed to crop losses of 4 to 100 % and loss revenue for exporting countries.  
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Cases of Phytophthora diseases destabilising the ecosystem and affecting forestry and 
the environment have been documented.  Damage caused by P.ramorum could not be 
ignored and the fact that it has a similar host range to P quercina means that accurate 
identification is important (Garbelotto et al., 2002; Jung et al., 2002). This pathogen 
was detected in Europe and North America where oak trees were found to die within 2 
to 4 weeks after disease symptoms appeared. This sudden death of the stem canker and 
leaf blight diseased trees became known as Sudden Oak Death (SOD) and has killed 
healthy trees and horticultural plants such as rhododendron and camellia. The degree of 
infection and death caused by P.ramorum can result in the monumental loss of a whole 
forest area and productivity in the horticultural and timber industry (Jung et al., 2002; 
Rizzo et al., 2002). 
 
1.4.3  Recently identified Phytophthora species 
The last few decades have seen the emergence of unknown Phytophthora species which 
were previously undetected or hybrids of known species and have not been specifically 
assigned (Brasier et al., 1999; Cooke et al., 1999; Jung et al., 2002; Kroon et al., 2004).  
 
When first discovered, P.ramorum was not identified as belonging to any of the 
currently known Phytophthora species. The main symptoms of P.ramorum are small 
aerial bark cankers on the stems and branches of oaks and leaf necroses and shoot 
dieback (Garbelotto et al., 2002, Rizzo et al., 2002,). However, thorough molecular 
studies carried out together with morphological and behavioural information collected 
indicated that this species was a hybrid with similarities to P.cambivora and P.fragariae 
(Brasier et al., 1999; Garbelotto et al., 2001). 
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Information gathering efforts such as those carried out to identify and detect 
Phytophthora species from European oak forests identified five new Phytophthora 
species causing similar diseases (Jung et al., 2002). These new species were detected 
from soil samples and oak stands through comparison of their morphological and 
physiological characteristics with those of known Phytophthora species. P. europaea is 
homothallic with non-papillate sporangia while P.uliginosa, though homothallic, has a 
one-celled paragynous antheridia and smooth-walled oogonia. Analysis of their ITS 
rDNA sequences were also compared with other Phytophthora species in the GenBank 
database. Based on the information inferred from the comparison data and their 
pathogenicity, these three new species were designated as P.europaea, P.psychrophila 
and P.uliginosa (Jung et al., 2002). The other two new species are P. quercina and 
P.pseudosyringae.  
 
Other newly discovered or recently identified Phytophthora species found to attack 
rubber trees, horticultural plants and pineapples is P.meadii while P.nemorosa and 
P.pseudosyringae infect trees in America and Europe (Aragaki and Uchida, 1994; 
Hansen, 2003; Jung, 2003). P.meadii disease symptoms on rubber trees are similar to 
those of P.cambivora which can cause confusion to the tapper or plant health worker. 
P.nemorosa on the other hand causes canker and leaf blight of forest trees while 
P.pseudosyringae causes root and collar rot. These foliar disease symptoms are 
indistinguishable from those caused by P.ramorum. These multiple or almost similar 
Phytophthora species found to infect a single host plant can be a hindrance and 
complicate the routine diagnostic or culturing methods which are in use. A molecular 
detection method with multiplexing capabilities which does not depend on the 
morphological properties of the pathogen can overcome the problem. 
   14 
1.5  Phytophthora disease management 
Management of Phytophthora diseases is based on a number of principles such as 
avoiding infection through basic hygiene, limiting susceptibility through drainage and 
irrigation, improving soil health, use of disease-resistant germplasm and chemical 
control (Drenth and Guest, 2004). 
 
Management practices for the control of Phytophthora diseases vary and no complete 
management program can totally eradicate diseases caused Phytophthora species. As 
has been mentioned by many authorities such as the Co-operative Research Centre for 
Tropical Plant Pathology (CRCTTP) and Department of Conservation and Land 
Management (CALM), once an area is infested with Phytophthora, total eradication is 
difficult. While total eradication is not possible, well developed management plans can 
assist in restricting intensification and spread of known infestations and limit its spread 
to new sites. To formulate disease management control protocols and strategies for 
effective disease surveillance and containment, a thorough understanding of what and 
where the pathogen is, leading to accurate diagnosis is important. 
 
Diseases caused by some Phytophthora species can be controlled with a single 
management practice such as the use of resistant cultivar (Gabor and Coffey, 1990; 
Ristaino and Johnson, 1999), crop or farm rotation and soil amendments (Thurston, 
1990) or use of fungicides (Coffey et al., 1987; Hardy et al., 2001). However as disease 
management can be complicated by the presence of multiple species on a single host, 
integrated disease management (IDM) involving several control protocols can be 
effective in reducing or slowing down the infestation.  
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Integrated disease management is the long term reduction of disease losses to 
economically acceptable levels through a holistic approach that combines the use of 
resistant varieties, cultural control methods and judicious application of appropriate 
fungicides (Hardy et al., 2001; Irwin, 1997; Ristaino and Johnston, 1999(. The costs of 
managing the diseases which includes the application of fungicides, prevention by 
quarantine or resistant cultivars are considered when formulating any disease 
management program or protocol. Such a holistic approach or IDM relies on effective 
diagnosis or knowledge of the specific pathogen or species involved. 
 
1.5.1  Quarantine and sanitary practices 
The success of a quarantine programme depends on a rapid, reliable and sensitive 
method of detecting the pathogen either in soil or plant samples so that infection 
boundaries could be marked out (Marks, 1972; Shearer, 1996). As Phytophthora is the 
causal agent of many root-rot diseases, analysis of roots and plant parts and soil is an 
important component of effective disease quarantine management. 
 
Quarantine of diseased forest trees had been implemented in Western Australia to 
reduce the spread of the pathogen to non-infected areas. Some conservation or timber 
logging areas have been fenced off or public access is restricted. In areas where logging 
or mining operations are being carried out, logging and mining activities and access are 
restricted to certain times of the year and areas and the logging, mining or planting 
activities are modified so that they are carried out when conditions are less conducive 
for pathogens to spread and at the same time, adopting control procedures. Cleaning of 
equipment, vehicles, personnel or tools of soil residues are carried out to reduce 
spreading of pathogen elsewhere. 
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Pre-planting of trees or plant species in nurseries before replanting them in 
rehabilitation and revegetation areas can also be a vector in spreading the pathogen. To 
prevent infestation and spread of Phytophthora to new areas, plants known to be 
possible hosts are quarantined. Locally sourced and imported plants and planting 
materials are quarantined before bringing them into the nursery to determine if there is 
any delayed pathogen growth or if the plants and planting materials are free of the 
pathogen. Propagation stocks and soil are disinfected or fumigated to rid them of any 
spores or free of any signs of diseases to make them worthy of transportation. This will 
prevent transfer of any pathogen to the existing plant collection or those susceptible to 
them.  
 
1.5.2  Resistance breeding and crop rotation 
The appearance of new races of Phytophthora species can increase plants’ susceptibility 
to infection. For instance, use of resistant cultivars or rootstocks increase the hosts’ 
resistance or defence to invading pathogens to avoid infection and spread (Ristaino and 
Johnston, 1999) such as cultivars resistant to P.sojae or those tolerant to P.cinnamomi 
used in farming and forest rehabilitation. However, undescribed new pathogenic races 
can make the cultivars lose their expected resistance. 
 
Usually different Phytophthora species infect different host species, so practicing crop 
rotation in the fields can reduce the amount of viable pathogen propagules (inoculum) in 
the soil. As the pathogen population in the soil, for example P. sojae, is maintained by 
repeated infection of plant’s roots, rotating the crops such as alfalfa and a non-host crop 
on the same field. This makes the host unavailable for the pathogen to spread and 
reduces the pathogen’s food base. Together with the use of resistant cultivars, this   17 
practice decreases the activity and growth rate of the destructive P.sojae to the crop, 
hence controlling its spread (Malvick and Niblack, 2000).  
 
1.5.3  Chemical control 
Use of chemicals such as the systemic fungicide, phosphite (phosphonate), metalaxyl 
and others have been formulated as part of disease control. Phosphite has been applied 
as injection to tree trunks, foliar spray or aerial crop spraying as part of the disease 
control formulation ((Hardy et al., 2001; Jeffers et al., 2001). Phosphite, metalaxyl, 
mefenoxam or propamocarb act as plant protectants by slowing down or preventing the 
death of plants by suppressing the pathogen populations. They do not however, totally 
prevent the spread of the pathogen. 
 
The success of chemical control depends on the application of the chemicals which have 
to coincide with the most active period of the pathogen growth cycle and the plant’s 
susceptibility. Pre-plant applications of fumigants such as bromide have also been 
practiced. This reduces the pathogen populations though it can also affect beneficial 
mycorrhizal organisms. 
 
Continued use and reliance on synthetic chemicals can create a build-up of the 
chemicals in the soil to toxic levels. It can also instigate the development of chemically 
insensitive strains of the target pathogen and induce phytotoxicity (Hardy et al., 2001). 
These developments are detrimental to disease management.  
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1.5.4  Water management 
As water is the medium by which Phytophthora pathogens can spread through motile 
zoospores, organised water management such as good drainage, controlled irrigation or 
watering and efficient water disposal can reduce or prevent the spread of Phytophthora 
to new areas. P.cinnamomi for example, favoured free water in the soil or water surface 
for growth and spread (Hardy et al., 2001). 
 
Splashes from watering and irrigation can spread Phytophthora propagules from the 
ground to foliage and from infected plants to healthy ones. Kuske and Benson (1983) 
have demonstrated that preventing splash can prevent spread of Phytophthora inoculum 
from the ground to plant foliage. A study by Utkhede and Smith (1996) showed that 
contribution of different irrigation practices to Phytophthora disease infections varies 
with different intensity, consistent with the splash and watering pattern. This implies 
that usage of appropriate ground cover can reduce the spread of the pathogen to leaves 
or stems through splashing. Infested irrigation water is also an important source of 
inoculum and is an efficient means of spreading the pathogens from a single site of 
infection to an entire greenhouse or nursery and from one geographic location to the 
other using the same water system (Thompson and Allen, 1974; Oudesman, 1999). 
Hence, the use of clean water for watering, irrigation or cleaning can prevent the spread 
of the disease. 
 
Good drainage, either in nurseries, fields or mining sites, can avoid ponds or standing 
water and the potential for splash of inoculum. At mine sites, water for cleaning or 
wash-down of vehicles, equipment and personnel or in the mining processes, ponds of 
contaminated water are to be contained and not being released into surrounding areas to 
prevent Phytophthora-contaminated water movement. Construction of water stumps or   19 
decontamination ponds can avoid the water containing the pathogen from contaminating 
non-infested areas.  
 
1.5.5  Biological control 
Use of micro-organisms or plants in disease management have been researched and 
documented. However, the actual practice of bio-control has yet to be implemented as 
part of existing disease management protocols. The few micro-organisms that have been 
isolated are Asperigillus and Trichoderma species which are meant to be used as 
antagonist to inhibit the growth of P.palmivora on cocoa trees (Appiah et al., 2003).  
In Western Australia, the use of native Acacia species in rehabilitation of native 
vegetation has been researched by D’Souza et al., (2004). Experimentally, these trees 
were able to prevent infection of susceptible native species by P.cinnamomi. Results of 
their research indicated that the presence of these trees can inhibit or reduce the 
inoculum population in the soil. However the feasibility and viability of the practical 
application of this research and those above has yet to be seen. 
 
1.6  Detection of Phytophthora species 
Formulating a disease management protocol requires knowledge of the pathogen’s 
physical and biological characteristics. Different modes of detection such traditional 
baiting or plating have been used in various situations with varying successes. They 
have also been used together with molecular-based methods to increase detection 
sensitivity (Nechwatal et al., 2001; Pettitt et al., 2002). 
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1.6.1  Baiting and plating methods 
Baiting and use of selective media have been used for the detection of Phytophthora 
species (Tsao, 1990; Erwin and Ribeiro, 1996; Pettitt et al., 2002). Direct plating of root 
samples or a combination of both baiting and plating has been the standard methods for 
detecting viable propagules of Phytophthora (Marks, 1972; Sheppard, 1977; Pitts and 
Colquhoun, 1984). In a given sample, baiting and soil plating can detect several 
Phytophthora species simultaneously (Ferguson and Jeffers, 1999). These processes 
involved placing the bait tissue in container with the soil mixed with four volumes of 
water. Over several days of incubation, the bait is infected by zoospores producing 
brown lesions on the bait (Erwin and Ribeiro, 1996). Identification and isolation is 
achieved by culturing the pathogen from the baits on selective media. Species are 
identified by microscopic examination of the mycelium. 
 
Detection methods using single baits are sometimes not sufficient in identifying some 
Phytophthora species as it is difficult to isolate Phytophthora from decayed tissues or 
soil. This is because the reactivity of the pathogen with the bait differs with rate of 
infection, growth rate of the pathogen on the particular bait, visible infections and also 
the seasonal availability of the baits. For example, P.cinnamomi is more easily isolated 
from avocado than eucalypts (Erwin and Ribeiro, 1996). 
 
The slow growth rate of Phytophthora coupled with antagonism and interference from 
fast growing organisms such as bacteria and Pythium can mask the detection of 
Phytophthora species (Tsao, 1983). Bacteria, which reproduce through rapid binary 
fission (Erwin and Ribeiro, 1996) can invade the growth media with the Phytophthora-
infected baits, thereby suppressing the growth of Phytophthora through direct   21 
parasitism. This camouflages the presence of Phytophthora which could lead to 
misidentification. 
 
As most Phytophthora species grow rather slowly, the use of selective media containing 
antibiotics and fungicides can overcome the competition by inhibiting the growth of 
bacteria and the fast growing Pythium species. Different combinations of the antibiotics 
and fungicides such as ampicillin, pimacirin, hymexazol, terrachlor, nystatin and 
rifampicin have been added to plating cultures such as in the NARPH or PARPH 
medium (Erwin and Ribeiro, 1996). These selective media can suppress or inhibit the 
growth of bacteria and other fungal contaminants and allows the Phytophthora isolate to 
be cultured successfully. Selective media such as NARPH can be used to culture 
P.cinnamomi from infected baits while P10VP which contains a mixture of terrachlor, 
pimacirin and vancomycin have been used to isolate Phytophthora from soil and 
infected plant tissues (Tsao and Ocana, 1969). 
 
While culturing techniques can be performed routinely, the success of pathogen 
isolation using the baiting and plating cultures also depends on the pathogen or 
inoculum concentration (Eden, 2001). The sampling time and sampling area also 
influences the success of baiting and plating as methods of identification (Eden, 2001; 
Hardham, 2001). Results obtained from these methods could be inaccurate and 
inconclusive depending on the sampling regime. For instance, results of baiting from 
sampling performed in summer might differ with those sampled and collected in winter 
because in the latter case, rainfall or moisture could be optimal for the growth of 
hibernating chlamydospores. This will increase the population of zoospores and hence 
the sensitivity and success of baiting and plating for identification. 
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Apart from the encumbering physical environments that affect the success of detecting 
Phytophthora by baiting or plating, extensive knowledge of classical taxonomy is 
required to be able to differentiate species based on their morphology. Similarities in 
structure can make the differentiation difficult. In addition, these procedures are also 
time-consuming and require analysis of a substantial amount of data. A major 
disadvantage of this method is the difficulty in isolating some Phytophthora species. 
For example, the thick-walled chlamydospores of P.medicaginis may not react to the 
baiting environment, temperature or amount of available nutrients and its slow growth 
rate makes it difficult to isolate (Erwin and Ribeiro, 1996). 
 
It is difficult at times to identify accurately and rapidly Phytophthora species due to the 
variations of their morphological characters, the severity and different infections 
attributed to multiple species and the varied plant parts infected. Thus research in 
diagnostic molecular techniques has increased. Various molecular approaches have been 
described to differentiate Phytophthora species such as the use of random genomic 
fragments and rDNA by nucleic acid probing and PCR techniques (Lee et al., 1992; 
Bonants et al., 1997; Cooke et al., 1997; Liew et al., 1998). 
 
1.6.2  Molecular methods 
Advances in the development of molecular markers and the advent of Polymerase Chain 
Reaction (PCR) based techniques have revolutionised the detection of phytopathogens 
(Lucas, 1998; 2000). These sensitive and specific molecular methods, using DNA as 
template, have increased detection sensitivity and speed. This was because in PCR-
based methods, only a small amount of tissue or plant material is required contributing 
to early identification of the disease. As only a small amount of DNA template is used 
for amplification, preparation of the DNA is faster because it can be carried out on a   23 
small scale. Also the PCR technology allows economical and efficient handling of large 
sample sizes (Ribaut and Hoisington, 1998) where various species can be detected with 
species-specific primers.  Short DNA sequences from the coding regions of rDNA 
genes have been used to design these species-specific oligonucleotide primers or probes 
utilised in the identification and detection of specific species by PCR and DNA 
sequencing products (Goodwin et al., 1990; White et al., 1990; Ersek et al., 1994; 
Cooke et al., 1997).  
 
1.6.2.1 PCR-based methods for fungal detection 
Since the discovery of the PCR technique by Mullis and Faloona (1988), it has been 
applied to amplify DNA from several plants and dead tissues for various analyses. The 
PCR technique is an in vitro polymerase-mediated process which utilises a pair of short 
oligonucleotides which anneals and extends the target region by addition of 
deoxynucleotides (dNTPs). An advantage of using PCR for detection of DNA is the 
amount of target DNA required for detection of Phytophthora pathogens (Ersek et al., 
1994).  Application of this technique can bypass the difficulties inherent in culturing the 
Phytophthora species and identifying them as the PCR amplified products can be 
detected by gel electrophoresis with suitable DNA markers or ladders of different base 
pair sizes as a reference. 
 
Several PCR-based methods, which rely on the amplified DNA from specific regions of 
target DNA, have been used in downstream molecular applications to separate, identify, 
detect and distinguish fungal species such as Phytophthora (Ersek et al., 1994; Cooke et 
al., 1997; Tooley et al., 1997). These approaches which include RFLPs, RAPDS, 
sequencing and genotyping have been used (Lee et al., 1993; Redecker et al., 1997; 
Ristaino et al., 1998; Goodwin et al., 1999).    24 
Most of these PCR-based detection approaches focus on the ITS regions of the rDNA. 
These ITS regions lay between the small subunit (SSU), 5.8S and the large subunit 
(LSU) where the sequences are conserved (Figure 1.3). The ITS region is a transcribed 
but untranslated region. Within a species, ITS sequences are conserved with the large 
and small subunits generally consisting of about 200 copies of rDNA genes per haploid 
and occur in multiple arrays (Bruns et al., 1991; Yao et al., 1992; Sang, 1995). 
 
 
Figure 1.3 Generalised diagram of the rRNA repeat sequence showing the ITS1 and ITS2 (  ) 
regions which could be used in the design of the amplification and SNuPE primers 
 
 
 
The sequence variation of this untranslated ITS sequence is high enough to distinguish 
between species such as those of Phytophthora (Ersek et al., 1994; Cooke et al., 1997; 
Schubert et al., 1999). The multi-copies of the sequences also allow amplification of the 
region from small amounts of total DNA using universal primers such as ITS1 and ITS4 
(White et al., 1990). These primers can be used to amplify the ITS regions from 
different species (White et al., 1990). Also the sequences are variable enough for 
species-specific detection making them a good source for designing species-specific 
probes or primers at the species level or within species (Lee et al., 1992; Goodwin, 
1993; Tooley et al., 1997; Trout et al., 1997; Drenth et al., 2001). This obligates any 
difficulty in detecting the species and also increases the detection sensitivity. The 
species to name a few where their specific primers have been designed from the ITS 
regions are P.citicola, P.parasitica, P.infestans and P.citrophthora (Goodwin et al., 
1989; Cooke et al., 1997;  Schubert et al., 1999).  
1.6.2.2 Detection by RFLPs, RAPDs and others   25 
Restriction enzyme digestion techniques have also been used in conjunction with PCR 
to identify and/ or detect Phytophthora species. In this approach, ITS-PCR products had 
been treated with restriction enzymes producing ITS-RFLP products detectable by 
electrophoresis (Cooke and Duncan, 1997; Cooke et al., 2000; Duncan et al., 1999; 
Flier et al., 2002; Appiah et al., 2004). Phytophthora species were detected based on the 
patterns of the fragments and the total band sizes. These ITS-RFLP fragments could 
also be sequenced to further discriminate between species. This could assist in detecting 
multiple species in present in a mixed sample of Phytophthora.  
 
1.6.2.3 Probes 
Apart from the use of PCR primers, nucleic acid probes which are short-stranded 
nucleic acid sequences have also been used together with PCR to detect DNA from a 
pathogenic species. Probes can either be radioactive or enzyme-labelled which are 
capable of identifying intra- and inter-species (Schubert et al., 1999; Nechwatal et al., 
2001). Radio-labelled probed membranes are directly exposed to x-ray films whereas 
enzyme-labelled probed membranes are visualised through light or colour production 
(Tang et al., 1999). The procedures for the use of DNA probes are now well-
standardised. With the introduction of synthetic DNA probes, the analysis time has been 
reduced. 
 
Phytophthora species-specific probes have been designed and utilised in the 
identification of P.cinnamomi in the roots of infected avocado trees (Judelson and 
Messenger-Routh, 1996). Garbelotto et al., (2001) and Rizzo et al., (2002) have 
described the use of probes in identifying the pathogenic P.ramorum from oak stands. 
Likewise, Goodwin et al., (1989) have used probes in the detection of P.citophthora and 
P.parasitica. Specific DNA probes have also been used for the sensitive detection of   26 
P.nicotianae but its use as a routine detection method was not encouraging because of 
the radioactive probe used. The use of probes for the detection of pathogens has been 
impeded by its time-consuming procedures and radioactivity. Its use has also been 
superseded by the simpler and quicker PCR technique.  
 
1.6.3  Limitations of current methods for detecting oomycetic plant pathogens 
The development of any detection method varies according to its end-use. The methods 
can vary in their sensitivity and specificity as experienced by Judelson and Messenger-
Routh (1996) and Cooke et al., (1997) in the detection and quantification of 
P.cinnamomi. For example, dipsticks may be more sensitive than baiting in detecting 
zoospores in soil (Cahill, 1994). However cross-reactions with other species and  low 
sensitivity have rendered dipsticks unsuitable for many applications. Also dipsticks 
work only with zoospores and require a large analytical sample for increased sensitivity. 
 
PCR can overcome the short-comings encountered in detection methods using dipsticks 
or by baiting and plating on selective media by its increased level of sensitivity and 
detection efficiency. The use of dipsticks with radioactive or fluorescent probes can be 
replaced with ITS-based primers and coupled with the small amount of DNA or sample 
required and multiplexing can negate the cost of the probes and increase the analysis 
throughput.  Also the lack of taxonomical knowledge required in baiting procedures can 
be supplemented by the information gathered from the ITS sequence analysis following 
PCR with species-specific primers or enzymatic digestions (Cooke et al., 2000; Flier et 
al., 2002; Garbelotto et al., 2003).  
 
Currently available PCR-based diagnostic methods have increased the detection and 
information gathered regarding the pathogenic Phytophthora species as described in the   27 
detection of P.fragariae (Bonants et al., 1997, 2004) and the identification and detection 
of P.ramorum by Garbelotto et al., (2002) and Rizzo et al., (2002). These have 
contributed to better understanding of the pathogen resulting in robust and efficient 
implementation of disease management protocols. However, with the increasing number 
of previously unidentified Phytophthora species being isolated and detected and the 
presence of multiple species on a host plant, existing detection methods are challenged 
for their sensitivity, simplicity and reliability. As seen in RFLP-PCR procedures, the 
whole process was laborious because of the number of tests that had to be carried out 
before the actual result could be obtained. The extra tests such as the discrimination of 
ITS-RFLP fragments prolongs the analysis time when the RFLP procedure itself is 
already time consuming and laborious. The possibility of fragments with similar band 
sizes overlapping could also produce inaccurate results based on gel detection.  Thus to 
use the PCR-based methods on a routine basis, these detection methods can be modified 
to meet the increased demands posed by the discovery and identification of new 
Phytophthora species. The modifications would be to include a high-throughput method 
with multiplexing ability and accuracy and high detection sensitivity.  
 
The need for high-throughput is because of the increasing demand for fast and accurate 
information pertaining to a suspect sample such as in trade and quarantine legislative 
sectors or in forwarding a disease control protocol to crop growers for implementation. 
Though the throughput of detection can be increased by combining the amplification of 
several targets (multiplex PCR) per reaction (Chamberlain et al., 1988; Edwards and 
Gibbs, 1994), the success of amplification can be limited due to the interactions 
between primers, thermal cycling conditions and components and the different 
amplification efficiency of each primer pair (Yang et al., 2003). Even if the 
amplification was successful, the low gel resolution can influence the accuracy in   28 
detecting the amplicons due to their similar fragment sizes and possibility of bands 
overlapping on gel. However the multiplexing facility of PCR can be applied to a 
different technique which can detect the multiple targets separately such as mass 
spectrometry which has a multi-channel detection system. 
 
Also with the introduction of Real-Time PCR, the multiplexing capacity of PCR is 
enhanced as the amount of DNA or PCR product formed can be quantified or absence 
confirmed as described by Rizzo et al., (2002) in the identification and detection of 
P.ramorum. This technique however requires a probe with a fluorescent or luminescent 
tag which can increase the cost in detecting the pathogen and disease. 
 
1.7  Detection of Phytophthora using mass spectrometry (MS) analysis 
A technique or process that has multiplexing capabilities and is amenable to automation 
can increase the throughput of currently available PCR-based detection methods. One of 
those techniques is mass spectrometry. Mass spectrometry (MS) is a versatile analytical 
technique that involves the detection of ions and measurement of their mass-to-charge 
ratio (m/z). MS analysis provides information regarding the molecular composition, 
structure and analyte concentration of the sample analysed (Guo et al., 1999). Mass 
spectrometry based assays with their fast, direct result output, automation and 
multiplexing capability are good analytical tools to complement the existing PCR-based 
techniques in downstream detection. The detection assay can be designed to include the 
use of available species-specific primers and their amplification targets such as the ITS 
rDNA regions which can be detected by MS rather than sequencing or gel. 
 
As previously described by Cooke and many others, the ITS region is a perfect region to 
design primers from as it is well conserved. Though the ITS sequences are conserved   29 
between genera, there are mutations that occur in the sequences that could be used as 
markers or indicators to differentiate the species. According to a review by Brookes 
(1999), these mutations can be insertions or deletions (indels) of 10 to 5000 bp or they 
can be single base positions where different sequence alternatives (alleles) exist. These 
indels can also be found in the ITS regions as experienced by Crawford et al., (1996). 
These single base differences or Single Nucleotide Polymorphisms (SNPs) can be 
utilised to identify and detect individual or multiple targets in a single sample. These 
SNPs have been described as molecular markers to detect disease-causing genes in 
human such as the CTFR gene (Chen et al., 1999) or in plant breeding such as the 
mildew-resistant mlo genes in barley (Paris, 2002). Single base (nucleotide) sites where 
differences occur between Phytophthora species have been described by Crawford et 
al., (1996) and Cooke et al., (2000). These single nucleotide differences can be utilised 
as indicators to detect and identify different Phytophthora species.  
 
These SNPs can be discovered by direct comparison of homologous DNA sequences 
(Macaulay et al., 2001) or by analysis of published sequences. They can be used as 
markers or focal detection points by amplifying a selected region flanking the SNPs 
followed by discrimination of PCR products based on size (Konieczny and Ausubel, 
1993; Wang et al., 1998; Fei and Smith, 2000). The detection of SNPs can be carried 
out with a method that is simple enough to differentiate the individual SNPs such as 
mass spectrometry and with high-throughput ability. Some MS-based methods can 
detect each target or SNP based on their different masses by measuring the mass-to-
charge ratio (m/z).  
 
Currently there are different types of procedures for mass spectrometric analysis of 
DNA such as Matrix-Assisted Laser Desorption/ Ionisation (MALDI) and Electrospray   30 
Ionisation (ESI) mass spectrometry. These procedures have mainly been used in the 
analysis of peptides and proteins. However, recent developments in matrix technology 
have enabled the analysis of DNA by mass spectrometry (Wu et al., 1993) and 
increased its application in the detection of DNA. The increased number of DNA 
detected by MALDI MS was also improved with the use of delayed extraction and also 
measurement of the ions based on their time of flight (TOF) to reach the detector. At 
present MALDI-TOF MS is the most popular technique for analysing DNA based on 
SNPs (Juhasz et al., 1996; Monforte and Becker, 1997; Bray et al., 2001). A number of 
reports have described the use of MALDI-TOF for sequencing DNA molecules 
(Fitzgerald et al., 1993; Fu et al., 1998) and also to detect genetic changes and mutation 
in human genes (Griffin et al., 1997; Jiang-Baucom et al., 1997; Ross et al., 1997). 
 
The MALDI technique is based upon an ultraviolet-light absorbing chemical known as 
the matrix. The sample to be analysed is mixed with the matrix in an appropriate solvent 
such as acetonitrile before being spotted onto the MALDI stainless sample plate (sample 
holder). The sample plate with the air-dry sample-matrix spots is placed into the 
MALDI MS instrument. The matrix acts to absorb the energy emitted by the pulsed 
laser beam during ionisation (Figure 1.4) preventing fragmentation or degradation of the 
sample. The laser is usually a 337 nm Nitrogen beam. The ionised sample and matrix 
fragments pass through an ion extractor which consists of a pair of electrodes. The 
separated ions then moved through a flight or drift tube where they will reach the 
detector (Figure 1.4). The digitized data collected from the successive laser shots are 
summed and give out a mass spectrum based on the time-of flight (TOF) of the ions to 
reach the detector. The shift in the application of MALDI MS analysis from protein to 
DNA was possible due to the discovery of new matrices such as 3-hydroxypicolinoc   31 
acid (3-HPA). This matrix assists by preventing the fragmentation of DNA during the 
ionisation of the sample, enabling accurate mass determination (Wu et al., 1993). 
 
There are a few methods that have been used in the generation of allele-specific 
products for detecting or genotyping SNPs using MALDI mass spectrometry. These 
methods include allele-specific hybridisation (Griffin et al., 1997; Ross and Belgrader, 
1997), allele-specific oligonucleotides ligation (Jurinke et al., 1996), allele-specific 
cleavage of oligonucleotides (Griffin et al., 1999) and primer extension reaction (Haff 
and Smirnov, 1997a, b). The methods based on primer extensions such as the Single 
Nucleotide Primer Extension (SNuPE) assay are the most popular and the assays can be 
developed to detect multiple SNPs in a multi-plate format.  
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Figure 1.4 A schematic layout of the MALDI-TOF MS analysis showing the desorption and 
ionisation of samples and the multiplexing capability   33 
The SNuPE assay also known as minisequencing or PinPoint assay utilises the high 
specificity of DNA polymerase for primer extension (Fei and Smith, 2000). This assay 
involves designing a genotyping or extension primer (GP) with its 3’-end flanking the 
SNP (Haff and Smirnov, 1997a, b). The genotyping primer is then annealed directly 
upstream of the target sequence with the SNP. This primer is then extended by a single 
dideoxynucleoside-triphosphate (ddNTP) complementary to the SNP (Figure 1.5).The 
short extension products are measured and the incorporated nucleotide will be identified 
by determining the mass increase of the extended primer (Figure 1.5).  
                                   
 
 
          
Figure 1.5 Illustration of a primer extension reaction (SNuPE) where the genotyping primer 
will be extended by C which is complementary to the polymorphic base G at the 3’-end of the 
target sequence 
 
 
 
 
The mass determination of the extended primers is carried out using the MALDI-TOF 
MS. This direct measurement of the molecular weight of the target obviates the need for 
fluorescent and radioactive labels. This assay including PCR can be performed in a 
single tube and multiplex template generation can be carried out. The generation of 
multiple products can either be carried out by multiplex amplification of a few targets 
(Makridas et al., 2001) or multiplex SNuPE assay with 5-fold or 12-fold primers as 
demonstrated by Haff et al., (1997) and Ross et al., (1998). This multiplexing capability   34 
coupled with the availability of robotics such in the PCR sample preparation and MS 
plate spotter complements its potential as a high-throughput detection system.  
 
 
1.8  Aims and objectives of the current project 
Although PCR now plays a prominent role in the detection of Phytophthora species, a 
robust extraction procedure that is applicable either with soil or plant tissues is crucial. 
Apart from a robust extraction method, knowing the viability of the DNA would 
increase the applicability and efficiency of the detection method. The experimental aim 
of this thesis is to study if the sensitivity and speed of the current PCR detection method 
could be improved. The objectives were to study which extraction method would 
provide DNA of PCR quality and could be used with different sample types and also 
demonstrate how MALDI-TOF MS could be used in downstream detection of multiple 
amplified products to increase detection throughput and accuracy. The other objective 
was to study the persistence of DNA in soil. The experiments carried out to achieve the 
aims of this thesis were: 
(i) the use of SNPs present in the ITS rDNA regions and extension primers to detect 
different Phytophthora species based on their mass differences by MALDI-TOF MS  
(ii) utilising the extension primers in the detection of multiple Phytophthora species in a 
single analysis (multiplexing)  
(iii) comparing the sensitivity of detection of amplification products with different 
primers 
(iv) assessing the persistence of DNA in different soil types 
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CHAPTER 2
General materials and methods
2.1  Fungal isolates and cultures used
A total of 60 fungal isolates consisting 52 of Phytophthora and eight of Pythium were
used in this thesis (Table 2.1). These isolates were labelled according to where they
were collected from Murdoch University Phytophthora Collection Centre (MU and MP
isolates), Agriculture Western Australia (WAC), University of Queensland (UQ), Curtin
University, WA (EB) and Sarawak Agriculture Research Centre, Malaysia (PM).
The isolates were cultured on Corn Meal Agar (CMA) as described in section 2.1.1.1
for 3 to 7 days and then transferred into Petri dishes containing 30 ml V8 media (section
2.1.1.2) and allowed to grow for 3-4 days at 25 
oC as described by Miller (1955).36
Table 2.1 List of Phytophthora and Pythium isolates used in this thesis
                    Isolate and source
Species MU No. MP No. Curtin Uni NoCALM No.                Host              Location
and others
Phytophthora 
P. cambivora MU136 471 Unknown Unknown
P. cambivora MU137 472 Unknown Unknown
P. cambivora WAC 5980 Unknown Unknown
P. cinnamomi MU31 251N-12 Pinus radiata Jarrahwood Plantation
P. cinnamomi MU32 Adenanthos sp Eneabba
P. cinnamomi MU33 Soil Cape Arid
P. cinnamomi MU35 Banksia sp Molly Island
P. cinnamomi MU83 Unknown Unknown
P. cinnamomi MU84 Unknown Unknown
P. cinnamomi MP 94.03 Eucalpytus marginata Willowdale
P. cinnamomi MP 97.16 Jarrah Jarrahdale WA
P. cinnamomi MP128 Xanthorrhoea preissii Jarrahdale WA
P. cinnamomi MP62 Eucalpytus marginata Jarradale WA
P. cinnamomi MP80 C. calophylla  Jarradale WA
P. cinnamomi MP89 C. calophylla  Jarradale WA
P. cinnamomi MP94.17 Eucalpytus marginata Willowdale,WA
P. cinnamomi MP94.48 Eucalpytus marginata Willowdale,WA
P. cinnamomi EB5 Banksia menziesii root collar  WA
P. citricola MU1 MP1 Pinus radiata Baudin Plantation
P. citricola MU131 DEC284 Unknown Unknown
P. citricola MU2 MP2 Soil Nannup
P. citricola MU3 MP3 Soil Walpole
P. citricola MP4 3253 Banksia attenuata Yanchep
P. citricola EB11 Soil Iluka minesite, Eneabba WA
P. citricola EB13 Unknown Unknown
P. citricola EB3 Unknown Iluka minesite, Eneabba WA
P. citricola MP41 DCE40 Unknown Unknown
P. citrophthora  MU129 DC24 Unknown Unknown
P. cryptogea MU25 252W12 P. radiata Jarrahwood Plantation
P. cryptogea MU28 1462 Soil South Coast
P. drechsleri MU13 3383 Unknown Albany
P. drechsleri MU134 Kuzea baxteri Murdoch University
P. erythroseptica MU135 DCE26 Unknown Unknown
P. megasojae MU22 Pinus Radiata Jarrahwood Plantation
P. megasojae MU23 1612 Unknown Hopetown WA
P. megasperma MU132 DCE40 Pinus radiata Soaklands WA
P. megasperma MU133 MS2909 Unknown Unknown
P. megasperma MU17 Soil Cape Arid
P. megasperma MU18 Unknown FRNP
P. megasperma MU19 2732 Banksia occidentalis Plack Point
P. nicotianae MU7 MP5 3375 Unknown Unknown
P. nicotianae MP9 GW3R Chamaelucium sp. South Perth
P. nicotianae MP95014 DCE279 Unknown Unknown
P. nicotianae MU317 3452 Banksia brownii Woodland
P. palmivora MU128 MP37 DCE28 Unknown Unknown
P. palmivora 94-101 Durian Uni of Queensland
P. palmivora 94-111 Durian Uni of Queensland
P. palmivora PM006 Durian ARC, Sarawak,Malaysia
P. palmivora PM007 Cocoa ARC, Sarawak,Malaysia
P. palmivora PM012 Cocoa ARC, Sarawak,Malaysia
P.capsici UQ3691 Custard Apple Uni of Queensland
Pythium
Pythium spp MU63 Unknown Unknown
Pythium spp MU142 Unknown Unknown
Pythium spp WAC1421 Unknown Unknown
P.irregularae WAC7678 Unknown Unknown
P.irregularae WAC714 Unknown Unknown
P.spinosum WAC2013 Unknown Unknown
P.irregularae WAC7046 Unknown Unknown
Pythium spp SW2 Unknown Unknown37
2.1.1 Culture Media
2.1.1.1 Corn Meal Agar medium (CMA)
The corn meal medium was prepared by dissolving 17 g corn meal agar (OXOID Ltd.,
Basingstoke, England) in 1 litre distilled water and autoclaving for 20 minutes.
2.1.1.2 V8-juice media
The V8 medium was prepared by diluting 200 ml Campbell V8 vegetable juice
(Campbell, USA), 5g CaCO3 in 800 ml distilled water. The pH of the mixture was
adjusted to 5.5 with 10 M HCl and made up to 1 litre before autoclaving (Miller, 1955).
2.1.1.3 Luria Broth media (LB)
The LB agar medium (pH 7.0) contained 10 g of bacto-tryptone, 5 g of bacto-yeast
extract, 10 g of NaCl and 15 g agar per litre of water and autoclaved for 20 minutes
(Sambrook et al., 1989)
2.1.1.4 NARPH media
The NARPH media for culturing the infected baits (Chapter 5) were prepared by adding
0.1g L
-1 ampicillin, 1 ml L
-1 Nystatin (“Nilstat” containing 100 000 units L
-1), 0.01 g L
-1
rifampicin, 0.5 g  L
-1 hymexazol, 0.1 g L
-1 terrachlor (PCNB flakes) to the cooled CMA
(50 
oC). Each freshly prepared Petri dish was filled with 30 ml of the NARPH medium
(Huberli et al., 2000).38
2.2  Phytophthora and Pythium DNA extraction
Three DNA extraction methods were used to extract Phytophthora DNA from the
harvested and lyophilised (freeze-dry) mycelium to obtain clean, PCR amplifiable
DNA. The DNA extraction methods are described below. The Pythium DNA extraction
was carried out according to the CTAB method of Graham et al., (1994).
2.2.1   Method I : CTAB method of Graham et al., (1994)
The DNA extraction was carried out as described by Graham et al., (1994) where 100
mg of ground lyophilised mycelium was mixed with 1 ml of extraction buffer (2%
CTAB, 100 mM Tris-HCl  pH 8.0, 1.4 M NaCl, 2% PVP-40). The sample was mixed
by vortexing for a few seconds before incubating it at 55 
oC for 20 minutes. After
incubation, the mixture was centrifuged at 14000 rpm for 20 minutes. An equal volume
of isoamyl alcohol: chloroform mixture (1: 24 IAC) was added to 600 µl of the
supernatant. The mixture was inverted a few times and then centrifuged at 14000 rpm
for 1 minute. Five hundred microliters of the top (aqueous) layer was collected and 0.1
volume of 7.5 M ammonium acetate (NH4OAc) and 2 volumes of ice-cold absolute
ethanol were added. The mixture was inverted a few times and then placed in the -20 
oC
freezer for one hour to precipitate the DNA. The precipitated DNA was collected by
centrifuging the mixture at 14000 rpm for 5 minutes. The DNA pellet was washed with
70 % ethanol twice and left to air dry for 30 minutes. The dry DNA pellet was
resuspended in 200 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and stored at
-20 
oC.39
2.2.2   Method 2: Phenol chloroform method of Raeder and Broda (1985)
DNA extraction was carried out by adding 100 µl of extraction buffer (200 mM Tris-
HCL pH 8.5, 250 mM NaCl, 25 mM EDTA, 0.5 % SDS) to 100 mg ground lyophilised
mycelium. The mixture was vortexed for a few seconds and then incubated at 65 
oC for
60 minutes as described by Raeder and Broda (1985). After incubation, 350 µl of
phenol and 150 µl of IAC was added to the mixture and inverted to mix. The mixture
was centrifuged at 14000 rpm for 30 minutes and 600 µl of the aqueous layer was
collected. An equal volume of IAC was added to the supernatant which was inverted for
a few times before centrifuging at 14000 rpm for 3 minutes. Five hundred microliters of
the supernatant was mixed with 0.54 volume of ice-cold isopropanol, inverted and left
at room temperature for 30 minutes to precipitate the DNA. The DNA was collected by
centrifuging at 14000 rpm for 20 seconds, washed twice with 70 % ethanol and left to
air dry. The dried pellet was resuspended in 200 µl of TE buffer and stored at -20 
oC
until used.
2.2.3   Method 3: CTAB method of Cullen and Hirsch (1998) 
One millilitre of extraction buffer (0.12 M sodium phosphate buffer, 1 % CTAB) was
added to 100 mg ground lyophilised mycelium and vortexed as described by Cullen and
Hirsch (1998). The mixture was frozen in liquid nitrogen for 2 minutes and then
incubated (thawed) at 70 
oC for 5 minutes. This freeze-thaw step was repeated three
times. After the third freeze-thaw step, the mixture was centrifuged at 14000 rpm for 4
minutes. Five hundred millilitres of the supernatant was collected and then passed
through a Polyvinyl Polypyrrolidone (PVPP) spin column (SIGMA-ALDRICH,
Germany) and centrifuged at 14000 rpm for 5 minutes. The cleaned eluate was collected
and stored at -20 
oC.40
The PVPP columns were conditioned by eluting 0.5 g of PVPP with 500 µl sterile
distilled water twice. The conditioned columns can be prepared earlier and stored at
4 
oC prior to use.
2.3  Measurement of DNA concentration
The concentration of the DNA extracts was measured fluorometrically using the
HoeferDyNaQuant 200 fluorometer (Amersham Pharmacia Biotech). This was
carried out by quantifying the changes in fluorescence of bisbenzimide (Hoechst 33258
dye) on binding with DNA (Zhou et al., 1996).
2.4  PCR amplifications
Polymerase chain reaction (PCR) amplification of the DNA template was performed as
described in the following sections according to their relevant applications in this thesis’
chapters.
2.4.1  Amplification of P.cinnamomi DNA with species-specific primers
A P.cinnamomi species-specific primer pair, RPc3 and LPc2, previously used by
O’Brien et al., (1993, unpublished) for random amplified polymorphism DNA analysis
(RAPD) was used to amplify the DNA extracted from soil spiked with serially diluted
P.cinnamomi mycelium.
All PCR reactions were carried out in a 10 µl reaction mixture containing 2.5 mM
MgCl2, 67 mM Tris-HCl; pH 8.8, 16 mM [NH4]2SO4, 0.45 % Triton-X 100, 0.2 mg/ mL
gelatin, 100 µM dNTPs, 1.25 µM of each RPc3 and LPc2 primers (Table 2.2), 6 %
DMSO, 1 mM Spermidine, 0.8 U Tth Plus DNA Polymerase and 1 µl (10 ng /µl)
P.cinnamomi DNA extract obtained in sections 2.2.1 to 2.2.3. The PCR reaction was41
performed on a Hybaid OmniGene thermal cycler at one cycle at 94 
oC for 10 seconds,
followed by 25 cycles at 94 
oC for 5 seconds, 62 
oC for 30 seconds and 72 
oC for 1
minute and holding at 20 
oC.
Table 2.2 Amplification targets, primers and primer sequences used in PCR amplifications
First round  Nested Target
PCR PCR region
Primer pair         Sequence 5' - 3' Primer pair
RPc3 CGTGTATGAGGAAGCGTAGG P.cinnamomi
LPc2 GTCCACACCTACCCAGAGAT sequence
ITS1  TCCGTAGGTGAACCTGCGG     ITS1 rDNA
ITS2 GCTGCGTTCTTCATCGATGC     GPc
ITS1 TCCGTAGGTGAACCTGCGG     ITS1 rDNA
ITS4 TCCTCCGCTTATTGATATGC     GPc
ITS1 TCCGTAGGTGAACCTGCGG rDNA
GPc CCAAACGCTCGCCAG
Coelho 95.422 GCTCGTGAGTATCCTGTCCG Cinnamomin 
Coelho 96.007 CTCAGTAAATGGCTAGCCGATAC gene
2.4.2  Amplification of the ITS rDNA region
The amplification of ITS rDNA region was performed with primers ITS1, ITS2, ITS4
and GPc  (Table 2.2) under the thermal cycling conditions described below.
The ITS rDNA including the 5.8S region of Phytophthora and Pythium were amplified
in a 25 µl volume consisting of 0.4 µM each ITS1 and ITS4 primers (White et al.,
1990), 2 mM MgCl2, 1X PCR buffer (Biotech International), 200 µM dNTPs, 1U Tth
Plus DNA Polymerase (Fisher Biotech, Australia) and 10 ng genomic DNA. The
thermal cycling conditions were: one cycle at 94 
oC for 3 minutes followed by 5 cycles
at 94 
oC for 1 minute, 56 
oC for 1 minute and 72 
oC for 1 minute, then 25 cycles at 9442
oC for 30 seconds, 51 
oC for 30 seconds and 72 
oC for 30 seconds and a final elongation
step at 72 
oC for 2 minutes.
The PCR products of primer pairs ITS1/ 4 and ITS 1/ 2 obtained above were treated to a
second round (nested) PCR amplification. The primer pair ITS1 and GPc was used in
the second round PCR with the same thermal cycling conditions described for primers
ITS1 and ITS4.
2.4.3  Amplification of the cinnamomin gene  
The cinnamomin gene region was amplified with the primer pair Coelho 95.422 and
96.007 (Table 2.2) as described by Coelho et al., (1997).
The PCR was performed in a 50 µl reaction mixture consisting of 0.4 µM of each
forward and reverse primer, 100 ng of DNA template, 1X PCR buffer, 200 µM dNTPs,
2.5 U Tth Plus DNA polymerase and 1.5 mM MgCl2. The thermal cycling conditions
for amplification consisted of one cycle at 94 
oC for 3 minutes, followed by 35 cycles at
94 
oC for 1 minute, 62 
oC for 1 minute and 72 
oC for 30 seconds and a final elongation
step at 72 
oC for 7 minutes.
2.4.4  Electrophoresis
All PCR products were detected on 1-2 % agarose according to Sambrook et al., (1989)
where the products were electrophoresed at constant voltage in 1X TAE (0.4 M Tris-
acetate, 0.0 1 M EDTA; pH 8.0, glacial acetic acid) running buffer. The gel was stained
in 0.5 µg/ ml ethidium bromide for 15 minutes and photographed using the KODAK
Digital Science DC120 Zoom camera (Life Technologies Pty Ltd, Australia) under UV
light.43
2.5  Matrix-Assisted Laser Desorption-Ionisation Time-Of-Flight Mass
Spectrometry (MALDI-TOF MS) analysis 
2.5.1  Sample preparation for Single Nucleotide Primer Extension reaction
(SNuPE) 
Twenty microliters of the PCR amplified products of primers ITS1 and ITS4 were
treated with 1 U Shrimp Alkaline Phosphatase (SAP; Amersham Pharmacia Biotech,
Cat. No. Z00927) and incubated at 37 
oC for 40 minutes followed by enzyme
deactivation at 85 
oC for 20 minutes to dephosphorylate the residual dNTPs. This SAP-
treated product was used in the primer extension reaction to prepare template for MS
analysis.
The MS sample was prepared by performing the primer extension (SNuPE) reaction
assay which consisted of 10 µl of the SAP-treated PCR product, 33 µM of each ddNTP
(Amersham Pharmacia Biotech, Cat.No.27-2045-01), 1-2 µM genotyping primer
(Table 4.2; Geneworks Pty Ltd, Australia), 1 U ThermoSequenase (Amersham
Pharmacia Biotech, Cat.No.E79000Y) and water to make up the 15-µl reaction volume.
The primer extension reaction was carried out by performing the thermal cycling at
94 
oC for 2 minutes followed by 50 cycles at 94 
oC for 10 seconds and 37 
oC for 60
seconds. The product was further prepared for MS analysis as described in section 2.5.2.
2.5.2  MS sample preparation
Ten microliters of the primer extension products were desalted by float dialysis in a
96-well 0.05 µm pore-size mixed cellulose ester membrane filters (Millipore, Cat. No.
MAVM No.5) which was floated in a beaker of Milli-Q deionised water for 2 hours
(Haff and Smirnov, 1997a; Fei and Smith, 2000).44
The sample for MS analysis was prepared by mixing 1 µl of the desalted primer
extended product with 1 µl of 3-Hydroxypicolinic acid matrix (8 volumes of 10 mg/ml
3-HPA in 50% acetonitrile/ water to 1 volume ammonium citrate, dibasic; 50 mg/ml in
water). One microliter of the sample-matrix complex was pipetted onto a 100-well
stainless MALDI sample plate (ABI Biosystems Cat. # V700666) and air dried.
2.5.3  Analysis of Phytophthora by MALDI-TOF MS 
MS analysis of Phytophthora DNA was performed on the Voyager-DE
TM PRO
MALDI-TOF mass spectrometer (PerSeptive Biosystems, Framingham, MA, USA).
The measurements were taken manually in linear, positive mode. Spectra were collected
from the averaged digitized signals of 50 laser shots at an accelerating voltage of 25
kilovolts at an extraction delay time of 300 nanoseconds.  44 
CHAPTER 3 
 
Development of extension primers and assay for detection of 
Phytophthora species by MALDI-TOF mass spectrometry 
 
 
 
3.1  Introduction 
 
Primers play an important role in the detection of Phytophthora species. Different 
species-specific primers are capable of discriminating target sequences through PCR or 
by other detection methods such as mass spectrometry or microarrays (Ersek et al., 
1994; Bonants et al., 1997; Cooke et al., 1997).  
 
DNA sequence information is important for developing primers for PCR amplification 
and single nucleotide primer extension reactions to be utilized in multiplexed detection 
platforms like mass spectrometry (Haff et al.,1997) or bead-based methods such as flow 
cytometry (Spiro et al., 2000). For successful amplification of a target sample, primers 
need to be carefully selected (Hass et al., 1998). Thus the role of primer design is 
crucial for development of detection methods based on mass spectrometry, sequencing 
or microarrays.  
 
Primers are generally short unique DNA sequences normally complementary to the 
DNA template to be amplified. When used for detection purposes, they should be able 
to identify targets in the primer extension reaction (Emrich et al., 2003).  An ideal mini-
sequencing or extension primer would be a sequence which would anneal to the 
prescribed start and end sites on the sequence of interest and extended by a single 
complementary base directly adjacent to its 3’-end (Kuppuswamy et al., 1991; Haff and 
Smirnov, 1997a). 
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Primer specificity is influenced by a number of criteria such as G/C content, 3’-terminal 
base, melting temperature (Tm) of the primer, secondary binding sites in the template 
and primer length (Diffenbach et al., 1995). The specificity of any primer can be 
inferred from the melting temperature, Tm of the primer sequence (Haas et al., 1998). 
This criterion influences the thermodynamic stability and subsequent annealing of the 
primer to the target site as in multiplex amplification (Yang et al., 2003). In the SNuPE 
assay, the base composition, GC content and Tm of the primers are important design 
criteria where hairpin structures and primer length can affect the success of the primer 
extension reaction on double-stranded PCR products (Haff et al., 2001, Wise et al., 
2003). Haff et al., (2001) had also mentioned that it was advisable to avoid four or more 
identical base pairs (repeats) near the 3’-end of the sequence as these will exhibit 
inadequate specificity. 
 
To utilise the same primers in a multiplex mini-sequencing or extension assay, it is 
better for the primers to differ in length by two bases (Haff et al., 2001). The selected 
extension primers and their extended products are designed to be of sufficient mass 
difference for effective mass resolution and detection by the mass detector  
 (Haff et al., 1997;  Fei et al., 1998;  Ross et al., 1998). This will avoid the primers and 
their extension products from overlapping in the mass spectrum. However, the size of 
the extension product is also important as longer or bigger size products will affect the 
sensitivity and mass accuracy of detection by mass spectrometry. 
 
As the length of the extension primer affects the extension reaction and products 
formed, primers sequences of less than 40 base pairs (bp) are preferable (Haff et al., 
1997; 2001). This is because longer sequences will influence desorption/ ionisation 
process as the longer the sequence, the longer it will take for the molecular ions to   46 
desorb and ionise. This will cause the ions to decompose before they reach the mass-
over-charge analyser which will result in a drop in signal resolution or lost signal 
(Nordhoff et al., 2000). Thus short primer sequences of 12-40 bp are ideal to avoid 
decomposition of the ions in the mass spectrometer drift tube which will affect the 
signal resolution and intensity. Hence, variant single nucleotides in a conserved region 
are an ideal choice such as the SNPs as they are usually present in short sequences of 
less than 1 kb. 
 
The ITS regions are an ideal region for selecting primers as they are flanked by the 
conserved large subunit (LSU) and small subunit (SSU) region of the rDNA species 
(White et al., 1990; Lee et al., 1993; Cooke and Duncan, 1997). With the variability in 
the ITS sequences together with the presence of SNP at the 5-‘end of the conserved ITS 
sequence, these regions can be used to design species-specific extension primers for 
detecting Phytophthora.  
 
 
3.2  Aims and objectives 
 
The aim of this chapter was to develop a mass spectrometric assay for the detection of 
Phytophthora species. To carry out single and multiplex detection of Phytophthora 
species by MALDI-TOF MS, extension primers are required. The ITS rDNA sequences 
of Phytophthora species were utilised to design these extension primers with the 3’-end 
nucleotide as the determinant species-specific SNP. To achieve this, the following steps 
were carried out. The steps were:- 
i)  sequence and confirm the identity of a few Phytophthora species obtained from the 
Murdoch University Culture Centre (MUCC)   47 
ii) multi-align the ITS sequences of different Phytophthora species including the 
sequences in (i) and manually scan and search for a consensus conserved region (or 
sequence) within the ITS 1 and ITS 2 rDNA regions  
iii)  identify the variable 5’-variant nucleotide (SNP) in the conserved ITS region as the 
species-specific indicator  
iv) design extension primers based on the sequences in (iii) in the reverse direction and 
utilise the 3’-end SNPs to detect Phytophthora species 
v) identify and confirm the specificity of the extension primers with the DNA of the 
Phytophthora species for which they were designed. 
 
 
3.3  Materials and Methods 
 
To develop the extension primers, the ITS1 and ITS2 sequences of 60 isolates from 
seven Phytophthora species were retrieved from the GenBank database (Table 3.1). 
Together with the isolates sourced from MUCC, these sequences were utilised in the 
design of the primers. The MUCC isolates, P.cinnamomi, P.palmivora, P.citricola and 
P.cambivora were selected as models because of the impacts of the diseases they caused 
on the environment and to crop growers such as seen in the jarrah forests in Australia or 
cocoa plantations in Africa where the similarities in their disease symptoms can 
camouflage their presence and the actual disease symptoms.  
 
 
3.3.1   Sequencing and confirmation of MUCC isolates 
 
One isolate each from four Phytophthora species obtained from the MUCC were 
selected (Table 3.1). The DNA was extracted from lyophilized mycelium using Method 
1 as described in section 2.2.1. To sequence the ITS regions, the rDNA region was 
amplified using the ITS1/4 primer pairs (White et al., 1990) with the PCR conditions 
described in section 2.4.2.   48 
The PCR products were purified with the MOBIO cleanup kit (MO BIO Laboratories 
Inc., Cat. # 12500-250) and a 30 µl eluate was collected and further concentrated to  
10 µl by ethanol precipitation. Both strands of the PCR products were then sequenced in 
with either ITS1 or ITS4 primers using the dye-terminator chemistry (ABI Biosystems). 
A 10 µl sequencing reaction consisting of 4 µl Big Dye terminator (Version 3.3), 3.2 
µM of each primer, 10-40 ng DNA template and water to make the volume. The 
sequencing thermal cycling conditions consisted of one cycle at 96 
oC for 2 minutes 
followed by 25 cycles of 96 
oC for 10 seconds, 56 
oC for 5 seconds and 50 
oC for 4 
minutes. The products were then precipitated with 25 µl of 100% ethanol, 1 µl of 3 M 
sodium acetate, pH 5.2 and 1 µl of 125 mM EDTA (di-sodium salt). The ethanol-
cleaned precipitate was sequenced on the ABI 377 fluorescence sequencer (PE Applied 
Biosystems Inc., Foster City, CA, USA).  
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Table 3.1 List of Phytophthora species sourced from Murdoch University (MUCC) and the 
accession numbers of Phytophthora species in GenBank database  
 
 
 
Phytophthora      MUCC        GenBank     Phytophthora        MUCC        GenBank 
species          ID No.         Assession No.    species        ID No.         Assession No. 
 
P.cinnamomi      MP97.16        P.megasperma                L41381 
P.citricola      MP41        P.megasperma                AF403500 
P.citrophthora      MU129        P.megasperma                AF242806 
P.palmivora      MU128        P.megasperma                AF242807 
P.megasperma      MU23        P.megasperma                AF242801 
P.cinnamomi         AJ421265    P.megasperma                AF266795 
P.cinnamomi         AJ457835    P.megasperma                L41382 
P.cinnamomi         L41374     P.megasperma                Y08671 
P.cinnamomi         L76531     P.megasperma                Y80672 
P.cinnamomi      L76532     P.megasperma                L41380 
P.cinnamomi         L76533     P.sojae                 L41385 
P.cinnamomi         L76534     P.sojae                 AF266768 
P.cinnamomi         L76535     P.citrophthora                AF242787 
P.cambivora         AF087479    P.citrophthora                AF242783 
P.cambivora         AF139369    P.citrophthora                AF266785 
P.cambivora         AF242794    P.citrophthora                AF228081 
P.cambivora         AF242819    P.citrophthora                L76536 
P.cambivora         AF266763    P.palmivora                 L41384 
P.cambivora         AJ007040    P.palmivora                 AF228087 
P.cambivora         AJ438991    P.palmivora                 AF228088 
P.cambivora      Y08654      P.palmivora                 AF266780 
P.cambivora         Y08655      P.nicotianae                 Y08673 
P.citricola         Y08659      P.nicotianae                 Y08674 
P.citricola         AF228080    P.nicotianae                 AF228086 
P.citricola         AF242786    P.nicotianae                 AF266776 
P.citricola         AF242792    P.nicotianae                 AF339434 
P.citricola         AF242796    P.nicotianae                 AF228085 
P.citricola         AJ007370      P.nicotianae                 AF339435 
P.citricola         L41375     P.nicotianae                 AF33936 
P.citricola         AF242786    P.nicotianae                 AF339437 
P.citricola         Y08658     P.nicotianae                 L41383 
P.megasperma         AF242798     
 
 
 
 
 
 
3.3.2   Sequence alignment  
 
The raw ITS sequences of the four MUCC isolates were edited using the Seqed v1.03 
computer package (Applied Biosystems) to correct miscalled bases and generate contigs 
from the amplified forward and reverse sequences. A BLAST search (Altschul et al., 
1997) was performed to compare the edited sequences with those deposited in the   50 
GenBank database to confirm the integrity of sequences obtained from the MUCC 
Phytophthora species. 
 
The edited sequences of the MUCC isolates were then were multi-aligned together with 
the ITS sequences of 60 Phytophthora isolates sourced from the GenBank database 
(Table 3.1) using CLUSTAL W (Thompson et al., 1994). The aligned sequence 
consensus was manually scanned to search for the conserved sites with the 5’-variant 
nucleotide (SNP). These conserved regions (sequences) with the SNP were used as the 
basis to design the extension primers to be used in the SNuPE-MS assay.  
 
 
3.3.3   Developing the extension primers 
 
Identified sites that were conserved with variable 5’-end nucleotides (SNPs) were 
selected as possible primer sequences. The extension primers were then designed from 
these selected conserved sequences in the 5’-3’ direction with the variable nucleotide or 
SNP at the 3’end of the conserved sequence. As the same primers will be used in 
multiplex primer extension analysis, the masses of the primers were calculated so that 
they would be of sufficient mass difference for adequate resolution between each primer 
and extended products (Fei et al., 1998; Ross et al., 1998).  
 
 
3.3.4   Testing the specificity of extension primers with the target DNA 
 
The integrity of these primers was checked by extending them with ddNTPs against the 
amplified intended target DNA. The amplification of the PCR template for the primer 
extension reaction (SNuPE) and MS sample preparation and analysis were as described 
in sections 2.4.2 and 2.5. The primer extension was carried out with individual and 
mixed ddNTPs. Five replicates were tested for each primer extension reaction carried 
out.   51 
3.4  Results 
 
3.4.1  Sequencing and species confirmation 
 
One isolate each of P.cinnamomi, P.palmivora, P.citricola and P. citrophthora from the 
MUCC listed in Table 3.1 were amplified and sequenced in the 5’ and 3’ directions with 
primers ITS1 and ITS4. These sequences were edited and aligned with those in the 
GenBank database and a BLAST search was carried out to confirm the species.  
 
The edited BLAST search results confirmed the integrity of the sequences. The isolates 
MP97.16, MU128, MP41 and MU129 were confirmed as P.cinnamomi, P.palmivora, 
P.citricola and P.citrophthora respectively. The aligned sequences are presented in 
Appendix 1. 
 
 
3.4.2  Developing extension primers for MS analysis 
 
3.4.2.1 Identification of potential primer sites 
 
To facilitate the process of detecting Phytophthora species by mass spectrometry 
(MALDI-TOF MS), single base extension primers specific for P.cinnamomi, 
P.citricola, P.palmivora and P.cambivora were designed for the SNuPE reaction.  
The aligned sequence consensus of ITS rDNA regions of the four Phytophthora species 
from MUCC (P.cinnamomi, P.palmivora, P.citricola and P.citrophthora) and those of 
published Phytophthora sequences from the database (Table 3.1) were manually 
scanned. The primer sequences were preselected so that they were located in the ITS1 
and ITS2 rDNA region (Figure 3.1).  
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Figure 3.1 The locations of the genotyping primers in the ITS1 and ITS2 rDNA regions. 
The red arrows indicate the direction of the primers from 5’-3’. These primers were utilised in 
the primer extension assay for MS template generation.  
 
 
 
 
The multi-aligned consensus sequences were scanned to identify regions that were 
conserved both within and between species and also a site that was conserved within the 
species (Figure 3.2). An additional criterion for selecting the site is that it must have a 
polymorphic nucleotide at its 3’-end of the primer. The primer would be extended by 
one of the four bases (A, T, G and C) which would be complementary to the 3’-variant 
nucleotide in the template. This allows differentiation of species by virtue of the base 
added to the 3’-end of the primer in the SNuPE assay (Figure 1.5). The target species 
was identified by the added mass which was predetermined by calculating the mass 
difference (molecular weight) of the unextended primers and the extension products. 
The molecular weights of the primers and extension products were calculated using the 
following formula (from Perseptive Biosystems): 
Mass (Da) = (#A x 313.21) + (#C x 289.18) + (#G x 329.21) + (#T x 304.20) - 61.965   
Phytophthora  No.of     >5’-      Consensus of multi-aligned sequences       -3’<   
Species    isolates 
 
>151       161       171       181       191       201      <                 
P.cambivora       9    GGCTGC--TGCTGTGTGTCGGGCCCTATCA--TGGCGAGCGTTTGGGTCCCTCTCGGGGG 
P.citricola      10    CC------CTATCATGG-----------------CGAATGTTT--GGACTTCG------- 
P.citrophthora      6     CC------CTATCATGG-----------------CGAATGTTT--GGACTTCG------- 
P.nicotianae     10     AA------AAAAAGGCG-----------------AGCGTTTGG--GCCCCGGC------- 
P.palmivora       5    GG------AGAGCTCTA-----------------TCATGGCGA--GCGTTTGG-------   
P.cinnamomi      10     GGCTGC--TGCTGCGTGGCGGCCCCTATCACTGGCGAGCGTTTGGGCCCCTCTCGGGGG- 
P.megasperma     12    CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT--GGGCTTCG------- 
                     >241       251       261       271       281       291      <  
P.cambivora       9    AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAA- 
P.citricola      10     AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC 
P.citrophthora      6    AACCCATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTNTCTGCTTTTAAC 
P.nicotianae     10    AACCCATCCCTTAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTTCTTTTAAC 
P.palmivora       5    AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC 
P.cinnamomi      10    AACCCATTCTGTAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC 
P.megasperma     12    ACCCATTCTTTACAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC 
>541       551       561       571       581       591      <  
P.cambivora       9    GTCTTGCGGG-TGG-CTTC-------GGGCTGCCCTGCGAGTCCCTTGAAATGTACTGAA 
P.citricola      10    GTCTTGCAGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA 
P.citrophthora      6    GTCTTGCGGT-TTTTGTGCCTTCGG-GCCGTGGC-TGCGAGTCCTTTGAAATGTACTGAA 
P.nicotianae     10    GTCTTGCGAT-TGGTCTTC-------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA 
P.palmivora       5    GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA 
P.cinnamomi      10    GTCTTGCGGG-CGGTCTTC--------GGACTGGCTGTGAGTCCCTTGAAATGTACTGAA 
P.megasperma     12    GTCTTGCTGC-TGGTCTTT----CG-AGTCCGGC-GGTGAGTCCTTTGAAATGTACTGAA 
>841       851       861       871       881       891     <   
P.cambivora       9    G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC 
P.citricola      10    G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC 
P.citrophthora      6    G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC 
P.nicotianae     10    G----CTNTGCTGT-TNCGAAGT--AGGGTGGCANCNTCGGT-------------TG-TC 
P.palmivora        5    G----CTTTGCTGT-TGCGAAAT--AAAGTGGCGGCTTCG-C-------------TG-TC 
P.cinnamomi      10      G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC 
P.megasperma     12    G----CTTTGCTGTTTGCGAAGT--AGAGCGGCGGCTTCGGC-------------TG-TC 
      
Figure 3.2 Edited ITS rDNA sequences of 7 Phytophthora species used for designing the extension primers GPc, GPpalm3, GPhy3 and GPhy4. 
The short sequence selected for the primers are underlined and highlighted. The target species and single base (SNP) are typed in red and highlighted.    54 
In this study, the primers were designed so that they were sufficiently different in mass 
for their differentiation by mass spectrometry. Before synthesising the primers, their 
molecular weights and those of their extension products were calculated and compared 
to prevent any overlapping of primers and their products when used in multiplexing. 
The pre-calculated mass of primers and the added bases were listed in Table 3.2. These 
primers though intended to be specific for the target species could also identify other 
species based on the different nucleotide added to the extended primers. This allows all 
four primers to be used in the same reaction (multiplexing). 
 
 
Table 3.2 Extension primer (GP) sequences, base that extends the primer, calculated mass of 
extended primer products and target Phytophthora species 
 
 
Primer        Target          Sequence 5’ – 3’             Tm, 
oC    Base     Mass (Da) 
        Phytophthora              added 
        species 
 
GPc       P.cinnamomi   CCAAACGCTCGCCAG  43.9          4506 
                    ddT        4795 
                    ddA        4804 
                    ddC        4780 
                    ddG        4836 
 
GPpalm3     P.palmivora   GCAGAGACTTTCGTCCC  46.5          5106 
                    ddT        5394 
                    ddA        5403 
                    ddC        5379 
                    ddG        5435 
 
GPhy3       P.citricola     TCAAAGGACTCGCAG  42.5          4297 
                    ddT        4586 
                    ddA        4595 
                    ddC        4571 
                    ddG        4627 
 
GPhy4       P.cambivora   GCCACCCTACTTCGC  43.9          4448 
                    ddT        4737 
                    ddA        4746 
                    ddC        4722 
                    ddG        4762 
 
 
ddT, ddA and ddG: single bases that will extend the primers in the presence of the target DNA 
during the primer extension reaction 
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3.4.2.2 Development of extension primer for P.cinnamomi 
 
After manual observation of the consensus sequences and editing, a conserved region 
between 151 until 210 bp in the aligned sequence consensus of thirteen isolates of 
P.cinnamomi was picked out. A short sequence from 182 to 195 bp  
(5’-CTGGCGAGCGTTTGG-3’) was selected (Figure 3.2). This sequence was used for 
designing the primer in the reverse direction with the variant 5’-nucleotide ‘A' as the 
indicator SNP. The 15 bp long primer sequence was labelled as GPc (5’-
CCAAACGCTCGCCAG-3’) which would be extended by the complementary base 
ddT immediately adjacent to the 3’-end of the primer. The calculated mass of the primer 
when extended by ddT would be 4795 Da (Table 3.2). 
 
3.4.2.3 Development of extension primer for P.palmivora 
 
The same multi-aligned consensus sequence was used in the search for this second 
primer. The selected region for this primer design started from 241 until 300 bp. This 17 
bp primer sequence (5’-GGGACGAAAGTCTCTG-3’) was located from 277 -293 bp 
with the 5’-variant nucleotide A (Figure 3.2). The primer labelled as GPpalm3 was 
designed in the reverse direction which would be extended by ddT at its 3’-end with a 
calculated mass of 5394 Da. 
 
3.4.2.4 Development of extension primer for P.citricola 
 
Another short sequence was selected from the ITS2 rDNA region between 541 to 600 
bp and designed to detect P.citricola DNA by MALDI-TOF MS. The 15 bp sequence 
which started from 574 to 589 bp (5’-CTGCGAGTCCTTTG-3’) would be extended by 
ddA in the presence of P.citricola DNA (Figure 3.2). The calculated mass of the primer 
extended product would be 4595 Da (Table 3.2). 
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3.4.2.5 Development of genotyping primer for P.cambivora 
 
A conserved region between 841 to 900 bp located in the ITS2 rDNA region was 
observed among all the Phytophthora species. From this region, an 15 bp sequence (5’-
GCGAAGTAGGGTGGCGGC-3’) between 857 to 873 bp was selected (Figure 3.2). 
This sequence formed the basis to design the GPhy4 primer in the reverse 5’-3’ 
direction. This primer would be extended by ddG in the presence of P.cambivora DNA 
with the calculated mass of the extended product to be 4762 Da (Table 3.2).  
 
To further confirm that these short primer sequences were present in the sequences of 
the target species, a BLAST search was performed against all known sequences in the 
NCBI database. The search Bit score and Expect value (E-value) are two parameters 
that could be utilised to determine the significant similarity or nearness of the searched 
sequence to those available in the database. The lower the E-value, the closer or more 
specific its similarity is to the query sequences while the bigger the Bit score, the better 
the match is the search query or target. 
 
The Bit scores of the four developed extension primers and some other sequences from 
the GenBank database were between 28 and 32. In the BLAST search performed on the 
four selected primer sequences, the highest hits for GPc, GPpalm3, GPhy3 and GPhy4 
were P.cinnamomi, P.palmivora, P.citricola and P.cambivora respectively with scores 
between 30 to 32 and E-values of 5 to 20 (Table 3.3). 
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Table 3.3 Summarised BLAST search results of the extension primer sequences showing the 
number of hits and scores of the nearest similar species 
 
 
 Primer ID       Primer sequence 5’ – 3’          Target species    No. of hits       Score      E-value 
_____________________________________________________________________________ 
 
   GPc            CCAAACGCTCGCCAG          P.cinnamomi   47          30             20 
 
   GPpalm3     GCAGAGACTTTCGTCCC     P.palmivora   17          30             20 
 
   GPhy3         TCAAAGGACTCGCAG          P.citricola     17          30             20 
 
   GPhy4         GCCACCCTACTTCGC           P.cambivora   12          32              5 
 
 
 
 
 
 
A minimum score of 30 was recommended as the threshold to decide the selection of a 
primer sequence (Wang and Seed, 2003). The BLAST search results confirmed the 
targets of the primers which were in accordance with the initial aim when selecting the 
sequences for the intended targets (Figures 3.2). This indicated that the primers were 
suitable for detecting the four Phytophthora species and could be utilized in the SNuPE 
assay for MS detection of the targets.  
 
However, in the BLAST search result of GPpalm3, Phytophthora arecae and 
Peronospora species also had Bit scores of 30 and E-value of 20 while Phytophthora 
multivesiculata and Phytophthora inflata were observed with these values in the 
BLAST search results of GPhy3 (Appendix 2). As for GPhy4 sequence search, three 
species had the same Bit score of 32 and E-value of 5 as P.cambivora (Appendix 2). 
These species were P.uliginosa, P.europaea and P. fragariae which had been described 
as having some similarities in their properties with P.cambivora (Jung et al., 1997; 
Cooke et al., 1999). In the same search result, there were two species with a bit score of 
30 but a higher E-value of 20 observed. These species were P.cinnamomi and 
P.nicotianae (Appendix 1).   58 
3.4.3  Effects of PCR amplification conditions on MS detection 
 
To produce a good quality MS spectrum, the initial PCR template plays an important 
role. A high quality amplified PCR product will lead to a high quality primer extension 
product resulting in clean MS spectrum with well resolved mass peaks and less noise-
to-signal background. 
 
In the initial testing of the specificity of the extension primers, Phytophthora DNA in 
the PCR template prepared for the SNuPE-MS assay was amplified with primer pair 
ITS1 and ITS4 with the following conditions as described by Glen (2001). The 
amplification was carried out at 95 
oC for 2 minutes 5 seconds, 56 
oC for 30 seconds 
and 72 
oC for 1 minute followed by 38 cycles at 95 
oC for 5 seconds, 56 
oC for 30 
seconds and 72 
oC for 1 minute and a further elongation for 5 minutes at 72 
oC. After 
extension, the spectrum of the products analysed by MALDI-TOF MS showed a high-
noise-to-signal background.  The mass peaks were not resolved and no unextended 
primer and extension products could be accurately identified (Figure 3.3 A).  
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Figure 3.3 Comparison of mass spectra of two primer extension products obtained from PCR 
templates amplified with different thermal cycling conditions. A: Mass spectrum before 
optimisation of thermal cycling conditions; B: Well resolved mass spectrum after optimising the 
amplification parameters. The red arrows indicate the position of the mass peaks on the spectra. 
 
 
 
 
 
To improve the resolution of the mass spectrum, the PCR thermal cycling conditions 
utilised for amplifying the ITS rDNA regions of Phytophthora were optimized. This 
was carried out by amplifying P.cinnamomi DNA in three sets of PCR reaction 
mixtures containing 1.5, 2.0 and 2.5 mM MgCl2 respectively. The DNA was amplified 
at different annealing temperatures by gradient PCR. The thermal cycling was 
performed with a temperature gradient of 1
oC (Figure 3.4 A). PCR products of about 
800 bp were detected by gel electrophoresis where the most intense PCR product band 
and the corresponding annealing temperature and MgCl2 concentration were selected 
(Figure 3.4 B). The best results were obtained with a concentration of 2 mM MgCl2.  
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Figure 3.4 Optimising the amplification parameters. A:PCR optimization thermal cycling steps; 
B:Gel photograph of amplified products after optimization PCR amplification parameters using 
primers ITS1 and ITS4; lanes 3 – 12:- templates tested with 2.0 mM MgCl2 and amplified at 
different annealing temperatures (Ta); lanes: 13 – 22: templates tested with 1.5 mM MgCl2 and 
the same Ta as the first set of templates;  lanes 23 – 32: templates tested with 1.0 mM MgCl2 
and and the same Ta ; lane M: DNA size marker; lane N: control 
 
 
 
 
 
A PCR template prepared with the optimised thermal cycling conditions was then used 
in the primer extension reaction. The GPc primer extended product prepared with these 
thermal cycling parameters was detected by MALDI-TOF MS. The resolution of the 
mass spectrum was better with the mass peaks of the primer and its extended product 
well separated (Figure 3.3 B). The primer and its extended products were measured at   61 
4506 and 4792 Da respectively which was in accordance with the calculated masses 
(Table 3.2). There was also less background interference observed in the spectrum as 
compared to before. Though the signal intensity of the background was observed to be 
high (Figure 3.3 B), it did not interfere with the peak resolution during the detection 
process. This modified thermal cycling condition was adopted as the standard for PCR 
amplification in subsequent experiments as described in section 2.4.2. 
 
3.4.4  PCR product purification 
 
MALDI-TOF MS analysis was also sensitive to salts (NaCl, MgCl2), reagents (e.g., 
Tris-HCl), glycerol and detergents (Shaler et al., 1996; Guo, 1999) as they influence the 
ion desorption and ionisation processes by introducing adducts into the detection 
system. They also prevent proper crystallisation of samples on the sample plate (Shaler 
et al., 1996; Owen et al., 2003). PCR reaction mixture components such as the DNA 
polymerase, primers and dNTPs affect the primer extension reaction as they could 
interfere by amplifying the PCR product strand during the extension process (Syvanen, 
1999; Haff et al., 2001).  
 
To reduce and prevent interference of MS analysis by any of these possible 
contaminants, the PCR products were treated before utilising them in the primer 
extension reaction. Twenty microliters of the PCR product was treated with 1 U SAP 
under the conditions described in section 2.4.1. A duplicate sample was also treated 
with SAP followed with the Qiagen PCR purification kit (QIAGEN Pty Ltd, Australia). 
The purification was carried out according to the manufacturer’s instructions. The 
purified samples were then used in the primer extension reaction followed by detected 
of the extension products by MALDI-TOF mass spectrometer.   62 
The primer and its extended product were detected in both purified samples (Figure 
3.5). The peaks were well resolved and sharp. Though the noise-to-signal background 
of the SAP-treated sample was less than that of the SAP-Qiagen treated sample, the 
signal intensity measured for the extended product of the SAP-treated sample was lower 
than that of the SAP-Qiagen treated sample. This could be attributed to a couple of 
factors such as the ratio of matrix-to-sample and spotting of the samples and sample 
dispersion on the MS sample plate. No other major differences were observed in both 
mass spectra (Figure 3.5).  When compared to that of the SAP-Qiagen treated sample, 
the primer and its extended product in the SAP-treated sample was also accurately 
detected, thus it was decided that the additional cleaning of PCR products was 
unnecessary. Therefore, the SAP treatment was used in subsequent cleaning of PCR 
products as it was also simpler and less costly. 
 
 
 
Figure 3.5 Comparison of mass spectra from purified samples. The PCR products were treated 
before utilised in the primer extension reactions. A: Treatment with Shrimp Alkaline 
Phosphatase (SAP);  B: Treatment with SAP followed by cleaning with QIAGEN PCR 
purification kit 
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3.4.5  MALDI-TOF MS sample plate spotting 
 
As observed above, the quality of a mass spectrum was influenced by the preparation of 
the primer extension products for analysis by MS and spotting of the sample onto the 
sample plate. Karas and Hillenkamp (1988) and also Fei and Smith (2000) had also 
mentioned that good MS sample plate preparation is important in obtaining good 
resolvable and high quality mass spectra. Sample, solvent content and substrate (sample 
plate) surface are some of the factors that can influence the detection of extension 
products (Shahgoli et al., 2001). 
 
Various methods based on two popular MS sample preparation techniques, the Dried 
Drop (Karas and Hillenkamp, 1988) and Thin Film or Two-layer techniques (Vorm et 
al., 1994; Dai et al., 1996) have been described and utilised by users of MS (Hung et 
al., 1998; Griffin et al., 1999; Wise et al., 2003). As detection of Phytophthora DNA by 
MALDI-TOF MS has not been tested before, it would be beneficial if a reliable MS 
sample plate spotting technique is in place. The two basic MS sample preparation 
methods were tested to decide the sample spotting technique to be applied for 
subsequent MS analysis of Phytophthora DNA. 
 
In the Dried Drop method, 1 µl of the desalted sample was mixed with 1 µl of the 3-
HPA matrix mixture before pipetting 1 µl of the sample-matrix complex onto the 100-
well sample plate and left air dried. The second method, the Thin Film method, required 
spotting of the matrix onto the sample plate first which was left to air dry before 
spotting the desalted sample directly on top of the dry matrix spot. The sample plate 
with the air dry sample-matrix complexes were then placed into the instrument for MS 
analysis. 
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The mass spectra obtained with MS sample preparation using both sample spotting 
techniques were well resolved and sharp. The primer and primer extended product 
peaks were well separated but with varying signal intensities (Figure 3.6). The peak 
signal intensity of the primer extended product was higher in the sample spotted using 
the Dried Drop (Figure 3.6 A). However the noise-to-signal background of the mass 
spectra was higher than that of the sample prepared using the Thin Film technique.  
 
 
 
 
Figure 3.6 Comparison of mass spectra of two primer extended products analysed by MS. The 
MS samples were spotted onto the plate using (A): Dried Drop technique; (B): Thin Film 
technique  
 
 
 
 
On visual observation of the spotted sample plates, a dispersed crystallized sample-
matrix ring was formed on the plate when the Dried Drop technique was used. The 
matrix had dispersed around the edge of the wells on the plate while the matrix-sample 
spot of the Thin Film technique was less spread out.    65 
The MS spectra showed that both methods were equally good for spotting the MS 
samples but the Dried Drop technique was easier to apply as the matrix and sample 
were mixed prior to spotting. The Thin Film technique requires extra care when spotting 
the sample onto the dried matrix spot on the plate to ensure that the sample was directly 
on top of the matrix and interlocked. Hence the Dried Drop method was chosen for 
subsequent preparation of MS sample plates.  
 
 
3.4.6  Test of primer performance 
 
To utilise the primers in the detection of Phytophthora by MALDI-TOF MS, they were 
tested for their specificity on the DNA of the species for which each was designed. Five 
primer extension reactions were carried out in which four of the reactions were tested 
with individual ddNTPs (A, C, T or G) and the fifth reaction was set up with mixed 
ddNTPs. Five replicates were tested for each primer extension reaction. 
 
3.4.6.1 Primer extension with GPc primer 
 
The 15 bp sequence labelled as GPc was designed to detect P.cinnamomi DNA when 
one base, ddT, is added at its 3’-end.  This was observed when GPc was tested with 
P.cinnamomi DNA in the primer reaction containing ddT was detected by MALDI-TOF 
mass spectrometer (Figure 3.7 A).  
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Figure 3.7 MS spectra of GPc in primer reactions with single ddNTP. A: unextended GPc 
primer and its primer extended product, GPc+ddT; B: unextended GPc primer when tested with 
ddA, ddG or ddC 
 
 
 
 
 
To confirm that primer GPc was suitable for detection of P.cinnamomi DNA by 
MALDI-TOF MS, five primer extension reactions were carried out which consisted of 
GPc and single and mixed ddNTPs with P.cinnamomi DNA as the target. Eighteen 
isolates of P.cinnamomi (Table 2.1) were used to test the specificity of GPc.  
 
A primer extended product was observed in the mass spectra of all five replicates tested 
(Table 3.4). The average mass of the extended primer was 4784.80 Da which was close 
to the predicted mass of 4795 Da (Table 3.2).  In the primer reaction with the mixed 
ddNTPs, a product peak was observed at 4785 Da indicating that it was the extended 
primer. The mass measured confirmed that GPc was extended by ddT. All P.cinnamomi 
isolates tested produced the same mass peak at about the same range in the spectrum.   67 
The product was measured with an average mass of 4785.82 Da. No other extended 
primer peaks were observed (Table 3.4). The specificity of GPc to P.cinnamomi DNA 
was confirmed as there were no other primer extended products detected in the 
extension reactions containing ddA, ddG and ddC (Table 3.4; Figure 3.7 B).  
 
 
 
Table 3.4 Validating the primer extension reaction of GPc with P.cinnamomi DNA  
 
               Number of replicates tested positive     Average 
                                   for GPc primer extended products            measured mass  
               as detected by MALDI-TOF MS                 (Da)  
      Isolate                                 mixed                 mixed 
       ddT      ddA     ddC     ddG    ddNTPs         ddT              ddNTPs 
 
    MU31          5+      -      -      -       5+          4785.37         4786.07 
    MU32         5+      -      -      -       5+         4785.63         4785.18 
    MU33      5+      -      -      -       5+         4785.46         4786.49 
    MU35      5+      -      -      -       5+          4783.86         4785.10 
    MU83      5+      -      -      -       5+          4788.80         4784.79   
    MU84      5+      -      -      -       5+          4783.48         4784.62 
    MP94.03      5+      -      -      -       5+          4782.93         4785.79 
    MP97.16      5+      -      -      -       5+         4784.17         4783.43 
    MP128      5+      -      -      -       5+         4784.53         4786.45 
    MP62      5+      -      -      -       5+         4784.97         4785.80 
    MP80      5+      -      -      -       5+         4785.82         4787.12 
    MP89      5+      -      -      -       5+          4786.39         4786.19 
    MP94.17      5+      -      -      -       5+          4784.76         4784.07 
    MP94.48      5+      -      -      -       5+           4785.87         4784.89 
    EB5       5+      -      -      -       5+           4784.99         4784.76 
 
5: Number of replicates tested; +: Positive product mass measurement;  -: No product peak 
measured 
 
 
 
 
 
3.4.6.2 Primer extension with GPpalm3 primer 
 
The 17 bp sequence labelled as GPpalm3 used in the extension reaction containing ddT 
to determine if it was extended when tested with P.palmivora DNA. A product peak 
was observed at 5388 Da in the mass spectrum confirming that GPpalm3 was extended   68 
(Figure 3.8 A). The mass measured was in accordance with the calculated mass when 
ddT was added onto primer GPpalm3 with P.palmivora DNA as target (Table 3.2).  
 
 
 
Figure 3.8 Mass spectra of primer GPpalm3 when tested against P.palmivora DNA with 
ddNTPs.  A: Unextended GPpalm3 and its extended product when extended by ddT; B: 
Unextended GPpalm3 primer when tested with ddA, ddG or ddC 
 
 
 
 
 
The specificity of GPpalm3 was tested on DNA from six isolates of P.palmivora. Five 
replicates were tested for each primer reaction carried out with each isolate. A total of 
five primer extensions were set up for each isolate. A primer extended product was 
observed in the mass spectrum of the five replicates from the primer reaction sample 
containing ddT. The average mass peak ranged from 5380 to 5384 Da (Table 3.5). 
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Table 3.5 Validating the primer extension reaction of GPpalm3 with P.palmivora DNA  
 
 
 
            Number of replicates tested positive     Average 
                               for GPpalm3 primer extended products          measured mass                  
           as detected by MALDI-TOF MS                  (Da)  
         
    Isolate              mixed                    mixed 
      ddT     ddA     ddC     ddG      ddNTPs        ddT      ddNTPs 
    MU128          5+      -      -      -        5+                 5382.02          5385.56 
    94-101           5+      -          -      -        5+                 5380.25          5382.92 
    94-111           5+      -      -      -        5+                 5380.89          5383.61 
    PM006          5+      -      -      -        5+                 5382.11          5382.10 
    PM007          5+      -      -      -        5+                 5384.87          5381.32 
    PM012          5+      -      -      -        5+                 5382.83          5382.90 
         
5: Number of replicates tested; +: Positive product mass measurement;  -: No product peak 
measured 
 
 
 
 
 
A product peak was also observed in the mass spectra of the primer extension reaction 
containing mixed ddNTPs confirming that GPpalm3 was extended. The five replicates 
tested produced extension products with an average mass of 5382 Da (Table 3.5). 
 
There were no primer extension products observed in the extension reactions containing 
ddA, ddC and ddG (Figure 3.8 B). Likewise neither was there any other extension 
products detected in the mixed ddNTP reaction sample apart from the ddT extended 
product (Table 3.5). 
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3.4.6.3 Primer extension with GPhy3 primer 
 
A primer extension reaction was carried out utilising the 14 bp sequence labelled as 
GPhy3. P.citricola DNA was included in the reaction as target. The calculated mass of 
GPhy3 with a ddA added was 4595 Da. When GPhy3 was tested against P.citricola 
DNA, an extended product peak was observed at 4588 Da in the mass spectrum (Figure 
3.9 A). This product indicated that GPhy3 was extended by ddA in the presence of 
P.citricola DNA which was in accordance with the design. 
 
 
 
 
Figure 3.9 Mass spectrum of primer GPhy3 when tested against P.citricola DNA with 
individual or mixed ddNTPs. A: Unextended GPhy3 and its extended product with ddA; B: 
Unextended GPhy3 when tested with ddT, ddG or ddC 
 
 
 
The specificity of GPhy3 primer was tested with DNA of nine isolates of P.citricola. 
Five replicates were tested in each of the 5 primer extension reactions carried out. In the 
reactions containing ddA, a product peak averaging 4583 Da was observed in the mass 
spectrum (Table 3.6).   71 
Table 3.6 Validating the primer extension reaction of GPhy3 with P.citricola DNA  
 
 
            Number of replicates tested positive    Average 
            for GPhy primer extended products      measured mass 
            as detected by MALDI-TOF MS      (Da) 
  Isolate                        mixed                mixed 
     ddT       ddA     ddC     ddG      ddNTPs     ddA             ddNTPs 
 MU1                  -     5+      -       -        5+                4583.77       4588.39  
 MU131              -     5+      -       -        5+                4584.03       4586.71 
 MU2                  -     5+      -       -        5+                4583.80       4589.96 
 MU3                  -          5+      -       -        5+                4582.57       4589.18 
 MP4                  -     5+      -       -        5+                4584.38       4586.70 
 EB11                  -     5+      -       -        5+                4583.38       4587.70 
 EB13                  -     5+      -       -        5+                4583.46       4590.80 
 EB3                  -     5+      -       -        5+                4583.64       4590.01 
 MP41                 -     5+      -       -        5+                4583.60       4590.88 
5: Number of replicates tested;  +: Positive product mass measurement; -: No product peak 
detected 
 
 
An extended product was also observed in the mass spectrum of reactions containing 
the mixed ddNTPs. This product was detected in all the replicates tested for each isolate 
(Table 3.6). The average mass of the extended products was 4583.90 Da.  When tested 
with ddT, ddC or ddG, no primer extension products were detected in any of the 
extension (Figure 3.9 B). Likewise there were no other extended products detected in 
the reaction with mixed ddNTPs except with ddA (Table 3.6). This observation 
confirmed that GPhy3 was extended by ddA and no other bases when tested against 
P.citricola DNA and also that GPhy3 was specific for detecting P.citricola DNA by 
MALDI-TOF MS. 
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3.4.6.4 Primer extension with GPhy4 primer 
 
Primer GPhy4 was designed for use in the primer reaction assay to detect P.cambivora 
DNA by MALDI-TOF MS. This 15 bp sequence was designed to be extended by ddG 
with P.cambivora DNA as target. This was proven when a primer extended product was 
detected with a mass of 4753 Da (Figure 3.10 A), similar with the calculated mass listed 
in Table 3.2.  
 
 
 
 
Figure 3.10 Mass spectrum of GPhy4 tested against P.cambivora DNA. A: Unextended primer 
GPhy4 and its extended product; B: Unextended GPhy4 when tested with ddT, ddA or ddC 
 
 
 
 
The specificity of GPhy4 was further confirmed when the three isolates of P.cambivora 
were positively identified in the mass spectra. The five replicates of each isolate tested 
produced extended products which were measured from 4751 to 4753 Da (Table 3.7). 
These extended products confirmed that GPhy4 was extended by ddG. An extended 
product with similar mass was also detected in the reaction containing the mixed   73 
ddNTPs. Three of the five replicates tested for each isolate were positively identified 
with this product (Table 3.7).  No primer extension products were measured in the 
reaction mixtures containing either ddT, ddA or ddC (Figure 3.10 B). There were no 
primer extension products with these three bases in the reaction with mixed ddNTPs, 
too (Table 3.7). 
 
 
Table 3.7 Validating the primer extension reaction of GPhy4 with P.cambivora DNA 
 
 
      Number of replicates tested positive     Average 
                                    for GPhy4 primer extended products        measured mass                  
      as detected by MALDI-TOF MS    (Da)   
         
Isolate                                 mixed                           mixed 
      ddT     ddA    ddC     ddG      ddNTPs       ddG            ddNTPs 
MU136               -      -    -          5+    3+                  4751.50      4751.55  
MU137              -      -    -          5+    3+                  4751.05      4757.75 
WAC5980        -      -    -          5+    3+                  4751.79      4757.73 
 
5: Number of replicates tested; +: Positive product mass measurement;  -: No product peak 
measured 
 
 
 
                  
 
3.4.7  Reproducibility of MS measurements 
 
Reproducibility of measurements by scientific instruments are affected by various 
factors and among them, the samples analysed, their preparation and storage. MALDI-
TOF MS analysis is not exempted hence a study on the effects of sample preparation on 
mass measurement reproducibility was carried out. The resolution and reproducibility 
of spectra obtained by MS could be affected by factors such as DNA template 
preparations, MS plate spotting, adduct ions and reagents. This was achieved by 
carrying out the DNA extraction and amplification at different time intervals followed 
by primer extension reactions and MS analysis. 
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The target DNA was obtained either by extracting and amplifying five DNA samples on 
the same day (5-fold replicate extraction) or extracting and amplifying each DNA 
sample independently of five different (subsequent) days (5-fold independent 
extraction). The P.cinnamomi DNA (isolate MP97.16) was obtained by Graham et al., 
(1994) extraction method. The primer extension reaction for the DNA samples and MS 
sample preparation step were performed on the same day, using the methods described 
in sections 2.3.2 and 2.4. Primer GPc and ddT were used in the primer extension 
reaction. The MS analysis of the products was carried out in one day. The mass 
measurements from each DNA template were collected and the average (mean) mass of 
the primer extended product was calculated. A simple calculation of the standard error 
(STDev) between measurements was also carried out. 
 
The mass measurements of the extended products were similar to the calculated mass of 
GPc when it was extended by ddT (Table 3.2).  When observed individually, there was 
more variation in the mass measured for the set of samples prepared on five different 
days (5-fold independent extraction) compared to those for the samples extracted on the 
same day (5-fold replicate extraction). In the 5-fold independent extraction sample set, 
the mass differences between each replicate ranged from 2 to 12 Da (Table 4.7) whereas 
in the 5-fold replicate extraction sample set, the mass differed from 1 to 8 Da. 
 
The data collected in this study confirmed that repeats made on the same day and 
independent extracts made on different days show similar results. There were no major 
mass differences when the two five-sample sets were compared as the mass deviation 
between them was ±4 Da with average masses of 4787.18 ±3.56 and 4788.51 ± 4.28 Da 
respectively (Table 3.8). The reproducible mass measurements collected showed that   75 
analysis by MALDI-TOF MS did not show significant variations between independent 
extractions. 
 
 
Table 3.8 Comparing the variability in the mass measurements of different GPc primer 
extended products    
 
 
      Mass (Da) of GPc extended products as measured  
by MALDI-TOF MS 
 
Target DNA    5-fold independent        5-fold replicate 
(P.cinnamomi)    extraction          extraction 
 
Sample 1         4795.00        4782.17 
Sample 2         4787.80        4784.76 
Sample 3         4789.10        4789.09 
Sample 4         4787.57        4789.24 
Sample 5         4783.09        4790.63 
 
Average          4788.51        4787.18 
STDev            ±4.28        ±3.56 
 
 
 
 
 
 
 
3.5  Discussion 
 
In the current study, an assay for the detection of Phytophthora species by MALDI-
TOF MS was developed and demonstrated experimentally. Phytophthora species were 
detected by amplifying the ITS rDNA region followed by analysis of primer extended 
products using MALDI-TOF mass spectrometry. Although PCR-based methods have 
been used to detect and identify Phytophthora species, they are encumbered by the 
tedious gel preparation and its slow mobility which delays the acquisition of 
information.  
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The results in this chapter showed that it was possible to detect different Phytophthora 
species by MALDI-TOF MS with appropriately designed extension primers and variant 
target nucleotide (SNP). The four genotyping primers (GPc, GPpalm3, GPhy3 and 
GPhy4) selected for the detection of Phytophthora by MALDI-TOF MS were capable 
of detecting the four target species that they were designed for. This was confirmed 
with the BLAST search results where the primer sequences were found in the ITS 
rDNA regions of the target species. Though a few species such as P.multivesiculata, 
P.inflata, P.uliginosa, P.europaea, P.fragariae, P.nicotianae and P.cinnamomi were 
found to have similar sequences in their ITS rDNA regions with those of the primers, 
these species were not always found on the same hosts (Erwin and Ribeiro, 1996; 
Brasier et al., 1999; Jung et al., 2002; Cooke et al., 2000). Hence the primers are 
suitable for detecting their intended targets. A point of concern in this chapter however 
was the sample preparation which consisted of amplification of the targets by PCR and 
extending the amplified products and spotting them onto MS sample plates for detection 
by MALDI-TOF MS. The importance of MS sample preparation was confirmed where 
a suitable clean PCR product was crucial in obtaining good MS spectra as described 
previously by Yang et al., (2003). 
 
An efficient amplification of the DNA producing sufficient target for extension gives 
good quality mass spectra was experimentally demonstrated (Figure 3.8) which was in 
accord with what had been mentioned by Yang et al., (2003). They found that PCR 
amplification parameters contribute to the usability of the end-product. Optimising the 
amplification conditions had resulted in a mass spectrum with less noise-to-signal 
background and the primer and its extended product peaks were well resolved and 
adequately measured by the detector. Due to the crucial impact of PCR product on 
primer extension reactions and subsequent mass spectrometry analysis, a sample   77 
purification step using Shrimp Alkaline Phosphatase (SAP) with or without a follow-up 
treatment with the Qiagen PCR purification kit were compared for their efficacy. Both 
treatments were effective in cleaning the PCR products and have no big difference in 
the quality of the mass spectrum. These procedures were simple but due to the 
difference in cost and time taken, cleaning the PCR products with SAP is cheaper and 
faster. MS analysis of templates purified with SAP with good detection by MALDI-
TOF MS have also been described by Haff et al., (1997). 
 
Spotting of the extension product onto the MS sample for analysis also contributes to 
the quality of the mass spectra. Two spotting techniques, Dried Drop and Thin Film 
were tested and their efficacy compared. Even though there was a difference in the 
intensity of the signals, the mass spectra obtained by both techniques were well resolved 
and the primer and its extended product were detected. The low signal intensity of the 
extended product peak could be attributed to other factors such as the purity of the 
product before spotting (desalting), the matrix-sample spread on the sample plate 
(matrix-sample dispersion) or the position (spot) and quantity of the sample on the plate 
at which the laser beam was focused on. Bray et al., (2001), Kim et al., (2001) and 
Owen et al., (2003) had previously noted that the dispersion influences the spread of the 
analyte concentration on the sample plate as the dispersed matrix with the sample 
interlocked randomly in the matrix molecules resulted in non-uniform spread and 
concentration of the primer extended product. This non-uniform spread will influence 
the spot size and thickness of the matrix-sample spot which in turn affects the detection 
sensitivity of MALDI-TOF MS analysis (Owen et al., 2003) who found that when 
Scotch Gard
TM coated plates were used, the spot size decreased but the ion counts for 
the analyte increased thus increasing the sensitivity of detection.  
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The Dried Drop technique was preferred even though the matrix-sample concentration 
is sometimes non-homogenous as it was easier to apply which the Thin Film technique 
wasn’t. When using the Thin Film technique, the sample spot had to be directly placed 
on top the dried matrix spot to produce a matrix-sample layer. The inhomogeneous 
matrix-sample spread could be overcome with automated sample spotters or the 
automated PCR sample preparation robotics (Butler, 1999; Lechner et al., 2001) or use 
of Teflon or parafilm covered plate surfaces (Owen et al., 2003). 
 
Although the quality of the mass spectrum was also affected by impurities in the MS 
sample, desalting of the extension products during the experimental work was not 
assessed and might not have been long enough. Desalting before analysis by MALDI-
TOF MS lowers the concentration of impurities as excess PCR primers, dNTPs or other 
reaction mixture components can contribute to formation of non-target products or 
adduct ions (Shaler et al., 1996). The adduct ions can affect the distribution of sample 
on the sample plate during plate spotting (Shahgoli et al., 2001) and also peak 
broadening causing signal peaks to overlap obscuring the actual target peak and also 
cause a decrease in signal stability which reduces resolution and signal intensity (Shaler 
et al., 1996; Yang et al., 2003). A study of the optimised length or duration of desalting 
time was not carried out here but the two-hour sample desalting carried out was able to 
produce reproducible mass measurements throughout this experimental chapter which 
was also observed by Paris (2002).  
 
The data collected throughout the study showed that there were small variations in the 
mass measurements which were less than 10 % of the average (mean) calculated. These 
variations could have been the combined effects of DNA amplification, primer 
extension, desalting and sample plate spotting. Due to the specificity of the primer   79 
extension reaction, the extension primers were specifically extended by their intended 
SNPs when tested either with individual or mixed ddNTPs and they were accurately 
measured by MALDI-TOF mass spectrometer. The assay developed showed that 
irrespective of how and when the template was prepared, MALDI-TOF MS 
determination of the extension products was uniform and accurate.  
 
Overall, the results obtained in this chapter showed that detection of Phytophthora 
species by MALDI-TOF MS is possible and is a high-throughput method with a high 
accuracy rate. This method also shows that with no extra taxonomical skill or 
instrumental expertise was required to use this detection method. Also this method is 
amenable to automation thus increasing its high-throughput capabilities. 
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CHAPTER 4 
 
Specificity of extension primers and 
multiplex detection of Phytophthora by MALDI-TOF MS 
 
 
 
4.1  Introduction 
 
 
A single genotying primer will differentiate only four species of Phytophthora since 
there are only four alternatives at the SNP site.  There are however sixty species of 
Phytophthora.  To differentiate these species would require additional primers.  As 
there are four alternatives at each site, then with three primers we would have 4 x 4 x 4 
= 64 possible combinations, sufficient to differentiate all species of Phytophthora.     
 
To achieve this level of differentiation the three primers would be used in the same 
reaction, but would bind to different sites on the template.  The primers should be 
designed so that their masses are sufficiently different to ensure their separation by 
MALDI-TOF MS.  This can be achieved by replacing 1 or 2 of the 5' bases with dG or 
dC or by increasing the length of the primer (Ross et al., 1998).  Up to 12 different 
genotyping primers have been successfully used in a single reaction   (Ross et al 1998). 
 
Of course there may be situations where it is not necessary to identify the species.  The 
mere presence of any Phytophthora species would be sufficient to segregate the material 
for further analysis or destruction.  A case in point would be screening of germplasm at 
ports of entry.  In this situation generic primers that detect all Phytophthora species 
including new hybrid species (Schardl and Craven, 2003) would be of immense value.  
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Multiplexing can also be used to detect different pathogens in a sample.  Genotyping 
primers specific for different species are annealed to amplified ITS regions and 
extended by a single nucleotide.  The presence of the extension product indicates the 
presence of the species. 
 
 
The ability to detect multiple targets in a single reaction would be of great advantage in 
disease management. The experiments in this chapter were carried out to investigate the 
specificity of the SNuPE reaction and multiplexing of the reaction. 
 
 
4.2  Aims and objectives 
 
The aims of the experiments in this chapter were (A) to determine the specificity of the 
genotyping primers; and (B) to evaluate the performance of the primers in a multiplex 
reaction. This experimental chapter aims to incorporate the multiplexing capability of 
MALDI- To achieve the aim of this chapter, the following steps were carried out:- 
i.  testing the specificity of each extension primer with DNA from several isolates of 
different Phytophthora and Pythium species in five primer extension reaction 
mixtures containing individual or mixed ddNTPs 
ii.  assessing the influence of variable DNA content from two different Phytophthora 
species on one another in the SNuPE reaction 
iii.  detecting multiple Phytophthora species in a three and four DNA SNuPE-MS 
analysis . 
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4.3  Materials and Methods 
 
4.3.1   DNA samples and extraction 
 
The DNA of 52 isolates from eleven Phytophthora species and eight isolates of Pythium 
species (Table 2.1) were extracted using Method 1 as described in section 2.2.1. DNA 
concentration was measured using the fluorometer (section 2.3). 
 
4.3.2   DNA amplification 
 
4.3.2.1 Template preparation for testing the specificity of the primers 
 
The specificity of the primers was tested on DNA of 52 isolates of Phytophthora and 
eight isolates of Pythium (Table 2.1). The PCR template was prepared by amplifying the 
ITS rDNA region from each isolate individually. All PCR amplifications throughout 
this chapter were carried out using primers ITS1 and ITS4 under the PCR conditions 
described in section 2.4.2.  
 
  
4.3.2.2 Template preparation for a 2-DNA MS analysis 
 
To investigate the effects of variable DNA amount and template preparation on MS 
detection of Phytophthora, the PCR template was prepared by amplifying the ITS 
regions of the DNA from two Phytophthora (2-DNA) species. Two 25-µl PCR 
templates were prepared for the SNuPE reaction. The first 25-µl PCR template was 
prepared by pooling two PCR products which were obtained by amplifying individual 
DNA from each target species separately. The second 25-µl PCR template consisted of 
different ratios of DNA from two target species which were amplified as one PCR 
product. The ratio started with 100% of one DNA and 0% of the second DNA. The 
amount of the first DNA was gradually reduced while increasing the second DNA 
proportionately. 
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4.3.2.3 Template preparation for multiplexed detection of three and four 
Phytophthora species by MALDI-TOF MS  
 
To detect multiple DNA templates in one reaction by MS, the PCR template for the 
SNuPE reaction was prepared by amplifying the ITS rDNA regions of either three (3-
DNA) or four Phytophthora (4-DNA) species in a single reaction with ITS1 and ITS4 
primers under the same conditions described in section 2.4.2. The 3-DNA and 4-DNA 
templates were prepared by amplifying equal volumes of DNA from each Phytophthora 
species in a 25-µl reaction volume. 
 
4.3.3   Primer extension reaction and MS analysis 
 
To prepare the SNuPE-MS template for testing the specificity of the primers or for the 
detection of multiple Phytophthora species, 20 µl of the amplified ITS-PCR products 
obtained in section 4.2.2 were treated with SAP before carrying out the SNuPE 
reactions under the conditions described in section 2.5.1.  
 
4.3.3.1 Primer extension reaction for testing the specificity of extension primers 
 
The SAP-treated single DNA amplified products of the 52 Phytophthora and 8 Pythium 
isolates were used as template in the primer extension. Five primer extension reactions 
were carried out for each SNuPE reaction tested. The SNuPE reaction mixtures were set 
up to contain individual ddNTP (A, C, G or T) under the conditions described in section 
2.5.1. The fifth reaction containing all four ddNTPs in the reaction mix was also set up. 
A total of five replicates were tested for each set of SNuPE reaction carried out to test 
the specificity of the primer. The extension products were prepared for measurement by 
MALDI-TOF MS as described in section 2.5.2.  
 
 
4.3.3.2 Primer extension reaction for testing the effects of varying DNA contents   84 
 
The effects of multiple DNA on each other during the SNuPE reaction and MS analysis 
were assessed by varying the DNA content in the reaction template. The SNuPE 
templates were prepared by using (a) a pool of PCR products and (b) a single 2-DNA 
amplified product obtained in section 4.2.2.2. 
 
The pooled template for the SNuPE reaction prepared from two PCR products were 
treated with SAP before the primer extension reaction with two primers and ddNTPs 
according to the template combination. The total volume of pooled PCR product used 
for the extension reaction was 10 microliters.  
 
The second template for the SNuPE reaction consisted of the amplified product 
obtained from the amplification of the 2-DNA pool. This PCR product was also treated 
with SAP before the SNuPE reaction was carried out with the primers of interest and 
ddNTPs. After the SAP treatment, all primer extension products were prepared for 
analysis by MALDI-TOF MS under the conditions described in section 2.5.2. 
 
4.3.3.3 Primer extension reaction for detection of multiple Phytophthora species 
 
The detection of multiple Phytophthora species in a single MS analysis was carried out 
using the 3-DNA and 4-DNA amplified products obtained in section 4.2.2.3. The 
SNuPE reaction mixture for the detection of three and four Phytophthora species 
consisted of the PCR products, the extension primers of interest and ddNTPs in a single 
reaction tube. Primer extension reactions and MS analysis are carried out under the 
conditions described in section 2.5. Six replicates were prepared for each DNA pool 
analysed. 
 
 
4.4  Results   85 
 
4.4.1  Specificity of extension primers to their target species 
 
The specificity of the extension primers was tested with DNA from 52 Phytophthora 
and 8 Pythium isolates in five separate primer extension reactions. Five replicates were 
prepared for each primer extension reaction tested. 
 
4.4.1.1 Specificity of GPc primer for P.cinnamomi 
 
In the previous chapter, the MS experimental results showed that the primer GPc was 
capable of detecting the DNA of P.cinnamomi. There was100% accuracy in GPc 
detecting the target species, P.cinnamomi for which it was designed.  
 
The specificity of primer GPc was tested against the remaining 37 isolates of the non-
target Phytophthora species. No primer extended products were detected in any of the 
each primer extension reaction with the non-target species (Figure 4.1). All five 
replicates tested for each non-target isolate did not produce any GPc extended products 
with any of the bases (Table 4.1). This showed that GPc was specifically extended by 
ddT when tested with P.cinnamomi DNA but not with DNA from the non-target 
isolates. There were also no primer extension products detected for any of the eight 
isolates of Pythium when tested with any of the bases (Table 4.1). These results were in 
accordance with the design sequence where GPc would only be extended by ddT when 
tested against P.cinnamomi DNA (Figure 3.2). 
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Figure 4.1 An example of the mass spectrum of the unextended GPc with non-target DNA such 
as DNA of P.megasperma, MU133.  
 
 
 
 
Table 4.1 Specificity of GPc primer for P.cinnamomi                            
       
                         Number of replicates tested positive    Average 
                            for GPc primer extended products            measured mass 
Phytophthora        ID or no        as detected by MALDI-TOF MS          (Da) 
and Pythium        of isolates                        mixed   
species         tested               ddT       ddA       ddC      ddG     ddNTPs    ddT           
P.cinnamomi        15 isolates         5+          -           -          -           5+   4786.07 
P.cambivora          3 isolates         -          -           -           -            -             ND        
P citricola          9 isolates         -          -           -           -            -      ND        
P.citrophthora          1 isolate         -          -           -           -            -      ND        
P.cryptogae          2 isolates         -          -           -           -            -      ND        
P.dreschleri          2 isolates         -          -           -           -            -             ND        
P.erythroseptica        1 isolate         -          -           -           -            -             ND        
P.megasperma          7 isolates         -          -           -           -            -      ND              
P.nicotianae          5 isolates         -          -           -           -            -      ND        
Ppalmivora          6 isolates         -          -           -           -            -      ND        
P.capsici          1 isolate         -          -           -           -            -      ND        
Pythium          8 isolates         -          -           -           -            -      ND        
 
5: represents the number of positive reactions from 5 replicates; +: Positive mass measurement; 
-: No primer extended product detected; ND: Not Detected 
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4.4.1.2 Specificity of GPpalm3 primer for P.palmivora 
 
The tests in Chapter 3 had confirmed that primer GPpalm3 was extended by ddT when 
tested on DNA of P.palmivora. In testing the specificity of the primer against DNA 
from non-target species, it was observed that the primer GPpalm3 was also extended by 
ddC but not by ddT (Figure 4.2). All five replicates from each isolate of the non-target 
Phytophthora species tested positive with this primer (Table 4.2). The average mass of 
the extended products detected ranged from 5365 to 5371 Da.   
 
 
 
 
 
Figure 4.2 An example each of the mass spectrum of unextended and extended GPpalm3 in the 
primer reaction mixture containing DNA from a non-target species. A: Mass spectrum of 
unextended GPpalm3 when tested with ddT against DNA of non-target species; B: Mass 
spectrum of unextended GPpalm3 and its extended product when tested with ddC against DNA 
of non-target species  
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Seven isolates of Pythium were also detected positive with an extended product when 
GPpalm3 was tested with ddC (Figure 4.2). However the number of replicates tested 
positive varied from one to five of the total replicates. The average mass measured 
ranged from 5359 to 5376 Da (Table 4.2). The only isolate that was not tested positive 
for any primer extended products was P.spinosum.   
 
 
Table 4.2 Specificity of GPpalm3 with DNA of Phytophthora and Pythium species 
 
 
          Number of replicates tested positive         Average 
          for GPpalm3 primer extended products     measured mass 
Phytophthora        as detected by MALDI-TOF MS    (Da)   
and Pythium        Isolate                   mixed     
species                    ddT    ddA     ddC     ddG      ddNTPs     ddT         ddC 
 
P.palmivora        6 isolates      5+    -  -            -  5+   5385.56 
P.cinnamomi        MU31        -    -  5+         -  5+           5368.00 
          MU32        -    -  5+         -  5+           5367.64 
          MU33        -    -  5+         -  5+           5368.69 
          MU35        -    -  5+         -  5+           5369.36 
          MU83        -    -  5+         -  5+           5369.54
          MU84        -    -  5+         -  5+           5366.19 
          MP94.03        -    -  5+         -  5+           5365.59 
          MP97.16        -    -  5+         -  5+           5366.19 
          MP128        -    -  5+         -  5+           5370.04 
          MP62        -    -  5+         -  5+           5369.51 
          MP80        -    -  5+         -  5+           5369.43 
          MP89        -    -  5+         -  5+           5370.17 
           MP94.17        -    -  5+         -  5+           5371.80 
          MP94.48        -    -  5+         -  5+           5368.45 
          EB5        -    -  5+         -  5+           5363.70 
P.citricola        MU1        -    -  5+         -  5+           5367.90 
          MU131        -    -  5+         -  5+           5366.83 
          MU2        -    -  5+         -  5+           5367.59 
          MU3        -    -  5+         -  5+           5370.63 
          MP4        -    -  5+         -  5+           5370.98 
          EB11        -    -  5+         -  5+           5367.90 
                 EB13        -    -  5+         -  5+           5371.02 
          EB3        -    -  5+         -  5+           5370.34 
          MP41        -    -  5+         -  5+           5370.04 
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Cont. Table 4.2 
 
          Number of replicates tested positive         Average 
          for GPpalm3 primer extended products     measured mass 
Phytophthora        as detected by MALDI-TOF MS    (Da)   
and *Pythium        Isolate                   mixed     
species                    ddT    ddA     ddC     ddG      ddNTPs     ddT         ddC 
 
P.megasperma        MU22        -    -  5+         -  5+           5370.03 
          MU23        -    -  5+         -  5+           5369.79 
          MU132        -    -  5+         -  5+           5369.95 
          MU133        -    -  5+         -  5+           5369.78 
          MU17        -    -  5+         -  5+           5368.45 
          MU18        -    -  5+         -  5+           5366.72 
          MU19        -    -  5+         -  5+           5366.05 
P.nicotianae        MU7        -    -  5+         -  5+           5368.37 
          MP9        -    -  5+         -  5+           5367.73 
          MP5        -    -  5+         -  5+           5369.70 
          MU317        -    -  5+         -  5+           5371.22 
          MP95014        -    -  5+         -  5+           5370.31 
P.cambivora        MU136        -    -  4+         -  4+           5365.31 
                MU137        -    -  4+         -  4+           5368.63 
                WAC5980        -    -  4+         -  4+           5370.31 
P.citrophthora        MU129        -    -  5+         -  5+           5370.40 
P.cryptogea        MU25        -    -  5+         -  5+             5369.10 
          MU28        -    -  5+         -  5+             5366.10 
P.dreschleri        MU13        -    -  5+         -  5+             5368.20 
          MU134        -    -  5+         -  5+             5368.50 
P.erythroseptica      MU135        -    -  5+         -  5+             5369.00 
P.capsici        UQ3691        -    -  5+         -  5+             5366.84 
 
*Pythium        MU63        -    -  3+         -  3+             5369.01 
*Pythium        MU142        -    -  3+         -  3+             5363.28 
*Pythium        WAC1421        -    -  5+         -  5+             5369.26 
*P.irregularae        WAC7678        -    -  1+         -  1+             5376.30 
*P.irregularae        WAC714        -    -  1+         -  1+             5359.90 
*P.spinosum        WAC2013        -    -    -         -   -                 ND 
*P.irregularae        WAC7046        -    -  2+         -  2+             5369.01 
*Pythium        SW2        -    -  2+         -  2+             5370.68 
 
5: represents number of positive reactions from 5 relicates; +: Positive mass measurement; -: No 
primer extended product detected; ND: Not detected 
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In the primer reactions with ddT, ddA and ddG, no primer extended products were 
detected when GPpalm3 was tested against DNA of any isolates of Phytophthora. 
GPpalm3 was not extended by these bases when tested against all the 8 isolates of 
Pythium (Table 4.2)       
 
4.4.1.3 Specificity of GPhy3 primer for P.citricola 
 
Results in Chapter 3 showed that GPhy3 could be extended when tested with P.citricola 
DNA. When tested against the non-target Phytophthora species, GPhy3 was found not 
to be extended by ddA (Figure 4.3). There were also no extensions observed when 
GPhy3 was tested with ddT, ddC and ddG with any of the non-target Phytophthora 
species (Table 4.3). There were no extension products with ddA when GPhy3 was 
tested against the 8 isolates of Pythium (Table 4.3) or with ddT, ddC and ddG. 
 
 
                          
Figure 4.3 An example of the mass spectrum of unextended GPhy3 when tested with DNA of 
non-target Phytophthora species e.g P.cambivora (MU136)   91 
 Table 4.3 Specificity of GPhy3 with DNA of Phytophthora and Pythium species 
 
 
        Number of replicates tested positive        Average 
          ID or  for GPhy3 primer extended products    measured mass  
Phytophthora        No. of  as detected by MALDI-TOF MS          (Da) 
and Pythium        isolates                  mixed             
species         tested         ddT       ddA     ddC     ddG      ddNTPs        ddA          
 
P.citricola        9 isolates  -  3+  -          -   3+      4588.39        
P.cambivora        3 isolates  -   -  -          -    -         ND        
P cinnamomi      15 isolates  -   -  -          -    -         ND        
P.citrophthora        1 isolate  -   -  -          -    -         ND        
P.cryptogae        2 isolates  -   -  -          -    -         ND        
P.dreschleri        2 isolates  -   -  -          -    -         ND        
P.erythroseptica      1 isolate  -   -  -          -    -         ND        
P.megasperma        7 isolates  -   -  -          -    -         ND              
P.nicotianae        5 isolates  -   -  -          -    -         ND        
Ppalmivora        6 isolates  -   -  -          -    -         ND        
P.capsici        1 isolate  -   -  -          -    -         ND        
Pythium        8 isolates  -   -  -          -    -         ND        
 
5: represents the number of positive reactions of 5 replicates; +: Positive mass measurement; -: 
No primer extended product detected; ND: Not detected 
 
 
 
 
 
 
4.4.1.4 Specificity of GPhy4 primer for P.cambivora  
 
The primer GPhy4 was extended by ddG when tested with three isolates of P.cambivora 
as shown in the previous chapter. The specificity of GPhy4 to P.cambivora was again 
observed when GPhy4 was tested against the DNA from the non-target Phytophthora 
species (Figure 4.4). No extension products with ddG were detected when GPhy4 was 
tested against any of the five replicates tested for each non-target Phytophthora species 
(Table 4.4).     
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Figure 4.4: An example of the mass spectrum of unextended GPhy4 in the reaction containing 
ddG when tested against DNA of non-target Phytophthora species  
 
 
 
 
 
 
The eight isolates of Pythium also did not react with ddG to extend primer GPhy4 where 
all five replicates tested for each isolate of Pythium was detected negative. The isolates 
of Pythium also did not react with ddT, ddA and ddC. The negative results with ddT, 
ddA and ddC were also observed with DNA of the remaining non-target Phytophthora 
species (Table 4.4).  
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Table 4.4 Number of measurements obtained from the specificity test of GPhy4 with DNA of 
Phytophthora and Pythium species 
 
 
          Number of replicates tested positive        Average 
          ID or    for GPhy3 primer extended products    measured mass  
Phytophthora       No. of    as detected by MALDI-TOF MS          (Da) 
and Pythium       isolates                  mixed             
species        tested              ddT     ddA     ddC     ddG      ddNTPs       ddG 
 
P.cambivora          3 isolates        -     -   -           3+   3+     4751.55 
P.cinnamomi        15 isolates        -     -   -           -   -         ND 
P.citricola          9 isolates        -      -   -           -   -         ND 
P.citrophthora          1 isolate        -      -   -           -   -         ND 
P.cryptogea          2 isolates        -      -   -           -   -         ND  
P.dreschleri          2 isolates        -      -   -           -   -         ND 
P.erythroseptica        1 isolate        -      -   -           -   -         ND 
P.megasperma          7 isolates        -      -   -           -   -         ND 
P.nicotianae          5 isolates         -      -   -           -   -         ND       
P.palmivora          6 isolates        -     -   -           -   -         ND 
P.capsici          1 isolate        -     -   -           -   -         ND 
Pythium          8 isolates        -     -   -           -   -         ND 
 
3: represents the number of positive reactions of the 5 replicates tested; +: Positive mass 
measurement; -: No primer extended products detected; ND: Not Detected 
 
 
 
 
 
4.4.2  Detection of templates and performance in multiplex reactions 
 
In testing natural samples for the presence of Phytophthora, it is intended that a number 
of SNuPE primers, each for a different species of Phytophthora will be used 
simultaneously on each sample. To assess whether the presence of heterologous SNuPE 
primers interfered with primer extension and MS detection, PCR amplification products 
were mixed in ratios varying from 0 -100 % for each product (Table 4.5) and the 
mixture used for the SNuPE assay. The MS spectra (Figure 4.5) showed that extension 
products for both primers were observed. In some cases, product peaks were relatively 
small, for example GPpalm3 compared to the other primers and this was observed for 
both the extended and unextended primers.   94 
Table 4.5 MS results of primer extended products prepared from pooled PCR templates 
              
 
           
          Number of positive mass measurements recorded from the six replicates 
              tested for each sample pool used in the primer extension reaction 
 
   % (v/v) of    SNuPE1    SNuPE2      SNuPE3     SNuPE4        SNuPE5       SNuPE6 
   PCR           (GPc &    (GPc &        (GPc &       (GPpalm3      (GPpalm3     (GPhy4 
   products       GPhy3)    GPpalm3)    GPhy4)     & GPhy3)     & GPhy4)    & GPhy3) 
   in each 
   SNuPE 
 
Sample  
Pool #     PCR1 PCR2   Pcinn Pcit    Pcinn Ppalm Pcinn Pcamb   Ppalm Pcit     PpalmPcamb  Pcamb  Pcit 
 
   1   100       0         3       0      3        0        3       0        3     0    3       0        3         0 
   2    80       20        3       2      3        3        2       0        2     1    1       1        3         2 
   3    60       40        3       3      2        0        3       2        1     1    1       1        1         1 
   4    50       50        3       3      3        2        3       2        3     1    2       1        1         2 
   5    40       60        3       3      3        3        1       0        2     1    1       2        0         3 
   6    20       80        3       3      2   1        2       2        1     2          0       1        0         1 
   7     0      100        0       3       0   3        0       1        0     2    0       3        0         2 
 
Pcinn: P.cinnamomi;  Pcit: Pcitricola;  P.palm: P.palmivora;  Pcamb: Pcambivora;   
% (v/v): percentage (volume/ volume); SNuPE assays containing (i): GPc & GPhy3 were 
treated with ddT and ddA; (ii): GPc & GPpalm3 were treated with ddT; (iii): GPc & GPhy4 
were treated with ddT & ddG; (iv): GPpalm3 & GPhy3 were treated with ddT &ddA; (v): 
GPpalm3 & GPhy4 were treated with ddT & ddG; (vi): GPhy4 and GPhy3 were treated with 
ddG & ddA) 
 
 
 
 
 
 
The number of positive reactions for each mixture and for different ratios was given in 
Table 4.5. The number of positive reactions varied from 0 – 3 for each of the primers 
tested despite the fact that 6 replicates were tested for each mixture. There was no 
correlation between the number of positive reactions and the ratio of PCR products in 
the mixture. In some cases, for example P.cambivora in SNuPE reaction 6, it appeared 
that the number of positive reactions decreased as the amount of heterologous DNA 
increases. However, comparison with the performance of Pcamb in SNuPE reactions 3   95 
and 5 indicated that this was not the case. The results indicated that the SNuPE 
extension reaction and MS detection were not affected by the presence of heterologous 
DNA or primers. 
 
In an extension of this experiment, the DNA templates were mixed before PCR 
amplification. DNA from 2 Phytophthora species were pooled in ratios varying from 
0 – 100 % for each DNA (Table 4.6) and the pooled DNA were subjected to PCR 
amplification, SNuPE extension and MS detection. The results (Table 4.6) showed that 
the presence of heterologous template DNA during amplification did not affect the 
ability to detect the templates. In all mixtures, the primers detected the target templates 
even in the presence of 80 % heterologous template DNA. 
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Figure 4.5 One example each from the mass spectra of the six replicates tested. Each mass 
spectrum consisted of the two primers and their extended products in reactions with two 
Phytophthora amplified products. A: GPc & GPhy3 tested with ddT& ddA;  B: GPc & 
GPpalm3 tested with ddT;  C: GPc & GPhy4 tested with ddT& ddG; D: GPhy3 & GPpalm3 
tested with ddA & ddT;   E: GPhy4 & GPpalm3 tested with ddG & ddT;  F: GPhy3 & GPhy4 
tested with ddA & ddG   97 
Table 4.6 MS results of primer extended products prepared from amplified templates of pooled 
DNA 
 
 
             Number of positive mass measurements recorded from the six replicates 
              tested for each sample pool used in the primer extension reaction 
 
   % (v/v) of    SNuPE1    SNuPE2      SNuPE3     SNuPE4        SNuPE5       SNuPE6 
   DNA in        (GPc &    (GPc &        (GPc &       (GPpalm3      (GPpalm3     (GPhy4 
   each             GPhy3)    GPpalm3)    GPhy4)     & GPhy3)     & GPhy4)    & GPhy3) 
   sample 
   pool before 
   PCR 
 
Sample  
Pool #    DNA  DNA    Pcinn Pcit    Pcinn Ppalm  Pcinn Pcamb   Ppalm  Pcit    PpalmPcamb  Pcamb  Pcit 
     1         2   
  
    1   100       0         5       0      4        0         4       0        3     0    4        0        4         0 
    2    80       20        4       1      3        2         3       2        3     2    3        1        4         1 
    3    60       40        4       3      3        2         3       2        2     1    1        1        4         2 
    4    50       50        3       1      2        1         2       1        4     2    2        3        5         2 
    5    40       60        2       2      1        1         1       0        3     2    1        1        5         1 
    6    20       80        1       3      1   2         2       2        4     1          1        2        5         2 
    7     0      100        0       4       0   5         0       5        0     4    0       5         0         3 
 
Pcinn: P.cinnamomi;  Pcit: Pcitricola;  P.palm: P.palmivora;  Pcamb: Pcambivora;   
% (v/v): percentage (volume/ volume); SNuPE assays containing (i): GPc & GPhy3 were 
treated with ddT and ddA; (ii): GPc & GPpalm3 were treated with ddT; (iii): GPc & GPhy4 
were treated with ddT & ddG; (iv): GPpalm3 & GPhy3 were treated with ddT &ddA; (v): 
GPpalm3 & GPhy4 were treated with ddT & ddG; (vi): GPhy4 and GPhy3 were treated with 
ddG & ddA) 
 
 
 
 
 
Another extension of the multiplex experiment was carried out with equal volumes of 
three different DNA templates were amplified in a single PCR tube (Table 4.7). The 
results showed (Table 4.7) that the different DNA templates have varying amplification 
success when tested with different combinations of extension primers. All four 
extension primers extended the intended Phytophthora DNA template (Figure 4.6) with 
a success rate ranging between 30 - 80 % with primer GPpalm3 showing the highest 
success range (Table 4.7).    98 
Likewise in the sample pool where equal volumes of four DNA templates were 
amplified in one reaction tube, all four primers were extended with different product 
peak sizes (Figure 4.6E). Even though GPpalm3 was extended 80% of the number of 
times the reaction was tested, its product peak was less intense compared to the 
extended product GPhy4 which was 30 % successful (Table 4.7).   
 
 
 
 
Table 4.7 MS detection of multiple Phytophthora DNA in a single reaction 
 
 
 
                   Number of replicates tested positive  
% (v/v) of DNA in each sample pool  for primer extended products with 
(before amplification)      each extension primer (GP) 
 
     DNA  DNA 1   DNA 2     DNA 3    DNA 4  GPc    GPpalm3      GPhy3    GPhy4 
sample pool  Pcinn    Ppalm       Pcit          Pcamb 
        # 
 
        1    33.3    33.3        33.3              4         5               4 
        
        2    33.3    33.3                   33.3     2         3                     2 
 
        3    33.3            33.3             33.3     3                     4            2 
 
        4        33.3        33.3             33.3                5               3               3 
 
        5        25        25            25               25     3         4    3      2 
 
% (v/v) : percentage (volume/volume);  Pcinn: P.cinnamomi;  Ppalm: P.palmivora;  Pcit: 
P.citricola;  Pcamb: P.cambivora.  
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Figure 4.6 One example each from the mass spectra of the six replicates tested. Each mass 
spectrum showed the three primers and their extended products when tested with DNA of 3 or 4 
Phytophthora species in a single reaction.  A: GPc, GPhy3 & GPpalm3 tested with ddT & ddA;  
B: GPc, GPhy4 & GPpalm3 tested with ddT & ddG;  C: GPc, GPhy3 & GPhy4 tested with ddt, 
ddA & ddG;  D: GPhy3, GPhy4 & GPpalm3 tested with ddA, ddG & ddT; E: GPc, GPhy3, 
GPpalm3 & GPhy4 with 4 ddNTPs   100 
4.4.3  Optimising the concentration of the reaction components 
 
The results in the previous section showed that although six replicates were tested for 
each mixture, not all of them gave a positive reaction. The number of positive reactions 
varied and in some cases, no positives were recorded out of the six replicates (Table 
4.5). The number of negative reactions did not correlate with the amount of 
heterologous DNA. In an attempt to improve the number of positive reactions, the 
effects of varying the concentration of components in the SNuPE reaction were 
explored.  
 
The reaction contained equal proportions of DNA for four species of Phytophthora. The 
amount of template DNA and the total reaction volume were kept constant. The 
concentration of each of the other three components of the reaction, ddNTPs, primers 
and enzyme were varied separately. Five replicates were prepared for each reaction. 
Increasing the concentration of reagents in the primer extension reaction did not 
improve the extension efficiency (Table 4.8). The results indicated that the extension 
reaction was efficient with the initial assay conditions. The initial primer extension 
reaction performed as well as the modified reactions if not better with GPpalm3 and 
GPc extended in all reactions. The primers in sample pool # 1 were extended using the 
standard primer extension assay. Three primer extended products were detected in the 
reactions with the standard reaction assay and that where the primers’ concentrations 
were increased (sample pool # 2) while only two primers were extended when the 
concentrations of ddNTPs and enzyme was increased two-fold (Table 4.8).  
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Table 4.8 Comparing the MS detection of primer extended products from different primer 
extension assays 
               
 
 
Number of replicates detected with 
         Concentration of reagents per 15-µl   primer extended products with the four 
         reaction volume        extension primers (GP)  
 
Sample       Primers     ddNTPs      Enzyme    GPc   GPpalm3      GPhy3     GPhy4 
pool  #          µM         µM          U/ µl 
 
     1          1.67          33           1        3          3    1     0 
 
     2          3.33          33           1        2          3    1     0 
 
     3          1.67          66           1        1          3    0     0 
 
     4          1.67          33           2        3          3    0     0 
 
The components that were increased in each SNuPE reaction were highlighted. 
 
 
 
 
 
GPpalm3 primer was the most extended with three replicates from all extension 
reactions tested positive. GPc extended products were also detected in the four reactions 
but with different success rates. Three replicates each were detected with the extended 
products with and without increasing the enzyme but only two when the primers’ 
concentration was increased (Table 4.8).  Increasing the ddNTPs was not any better. 
Primer GPhy3 was not extended efficiently when the primers’ concentration was 
increased with only one replicate detected positive and neither was GPhy4 as no 
extended products were detected (Table 4.8). Increasing the concentration of ddNTPs 
and enzyme did not help either as no extended products were detected. 
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4.5  Discussion 
 
The experiments described in this chapter showed that the primers designed for 
detection of Phytophthora species are capable of identifying these species even in the 
presence of DNA from other Phytophthora species. 
 
The four primers were confirmed to be specific to the intended targets where they were 
extended by the ddNTPs complementary to the SNPs of interest. However, GPpalm3 
was also extended by ddC when tested with DNA from non-target species and the 
extended products were accurately measured by MALDI-TOF MS without loss of 
specificity. Likewise, GPhy4 was extended by ddA with DNA of P.cinnamomi and 
P.nicotianae. There was no loss in the specificity observed of GPpalm3 and GPhy4 
toward their targets because the MALDI-TOF MS can measure the masses of different 
DNA fragments in a single analysis with good resolution (Chen, 2000). The specificity 
of the primers was reaffirmed as they were also extended when tested with reactions 
containing a pool of two, three and four DNA thus strengthening the use of MALDI-
TOF MS for multiplex detection of Phytophthora species. This also meant that while 
able to detect the target, the two primers, GPpalm3 and GPhy4 could also be used as 
early indicators to detect the presence of non-target species. This is useful when 
analysing blind samples to confirm the presence of the pathogen. However the number 
extended products positively detected varies from reaction to reaction which may 
require testing an independent target for confirmation. 
 
However, increasing or decreasing the template did not increase the efficiency of 
positive reactions. Neither did increasing the individual SNuPE assay components. 
The increased in the amount of template used does not necessarily contribute to better 
extension as observed in the experimental results of section 4.3.2. From the   103 
experimental results described by Wise et al., (2003), the standard SNuPE assay used 
throughout this experimental chapter was adequate but they also pointed out that it was 
necessary to increase the components when the situation warrants it such as increasing 
the concentration of primers or ddNTPs. This was to avoid depletion of the reagents 
which could reduce the extension reaction or induce misincorporation of bases.  
 
In studying the influence of a second DNA in the extension reaction, it was observed 
that in multiplex reactions, primers GPc and GPpalm3 were generally better extended 
than GPhy3 or GPhy4. This can be explained according to Haff and Smirnov (1997b) 
whose research indicated that in the presence of ddT, non-specific extension could 
occur with templates containing either a C or G at the site of polymorphism (Haff and 
Smirnov, 1997). This could have transpired when GPc and GPpalm3 were tested against 
GPhy4 as GPc and GPpalm3 were extended by ddT whilst GPhy4 was extended by ddG 
with a C as the complementary polymorphic base on the target. However modifying the 
primer extension assay such as increasing the concentration of the reagents twofold did 
not have any improve the extension efficiency which was consistent with the results of 
Haff and Smirnov (1997). Haff and Smirnov (1997) had reported in their experimental 
demonstration of the primer extension reaction of a 20-mer primer, they found that 
increasing the enzyme concentration twofold had no discernible effect on reaction 
efficiency or yield. But as reported by Wise et al., (2003), when the need arises, the 
concentrations of individual components of the SNuPE assay should be increased 
accordingly. And for reproducible MS results in future experiments, these conditions 
including the primer sequences need to be looked into.  
 
The variable number of replicates positively detected with extended for primer extended 
products in some reactions cannot be construed as failure in the primer extension   104 
reaction or MS analysis as many factors had to be considered starting from the PCR 
template amplification to the MS detection itself.  For example in the MS detection of 
extended primers with two or more DNA products, it was observed that the sample 
preparation influences the success of MS analysis. The primer extension with a single 
amplified product was better than if pooled PCR products were used as sample 
template, as impurities, excess PCR amplification reagents and DNA quality can affect 
the quality of extended products and hence the mass spectrum itself (Shahgoli et al., 
2001). In a technical report by Pusch et al., (2002), they mentioned that DNA tend to 
form salt adducts with cations particularly sodium (Na
+) and potassium (K
+) where in a 
review by Guo (1999), it was mentioned that the negatively charged phosphate groups 
which formed the backbone of nucleic acids or DNA can bond with the metal cations or 
detergents and buffers which are present in PCR amplification components. These 
adducts can cause peak broadening and shift the peak position thus degrading the signal 
and loss of signal intensity. Hence the variations in MS results observed could be the 
resultant effects of residual PCR components, components of SNuPE assay or even the 
primer sequences themselves. Haff and Smirnov (1997) showed that by substituting the 
reaction mixtures with ammonium acetate (NH4OAc) produced high quality MS spectra 
whereas Shaler et al., (1996) reported the different concentrations of impurities that 
could interfere during sample preparation resulting in low quality MS spectra. It has 
also been mentioned that residual reagents such as residual dNTPs and enzyme (DNA 
polymerase) could continue with their amplification process during the primer extension 
reactions which Bray et al., (2001) had reported in their experiments with Tth 
polymerase.  The quality of DNA template also contributed to the quality of MS 
detection as observed above where the number of positives detected varied between the 
two templates analysed. This was caused by variations during the co-amplification and 
extension of different targets as described by Wise et al., (2003) where they found that   105 
the primer extension reactions have to compete with the self-annealing reaction 
occurring within the PCR product itself which could have reduced the quality and yield 
of the primer extended products. The primer design was also implicated because in a 
multiplexed primer extension reaction, the GC content and the corresponding melting 
temperature was found to influence the extension capacity of each primer (Wise et al., 
2003) which was also mentioned in the review by Syvanen (1999). Syvanen (1999) 
mentioned that the specificity of an extension reaction was to some extent dependent on 
the primer sequence and the variable nucleotide.  
 
The MS sample preparation itself is also crucial as previously described in Chapter 3 as 
it influences the amount of sample and impurities on the sample plate on which the laser 
will focus and this in turn determines the signal intensity captured by the detector (Guo, 
1999). The unequal signal intensities resulting in some signals falling below the signal-
to-noise criterion for product peak recognition for some extended products could result 
in the detector not recording any measurements. Also peak broadening attributed to 
overlapping of adduct and sample peaks can result in distorted mass measurement of the 
sample peak. This has been described by Sun et al., (2000). 
 
Ignoring the few negative results demonstrated in the experimental work and with 
optimisation of the various factors mentioned, the MALDI-TOF MS is a suitable tool to 
use in the detection of multiple Phytophthora species as proven by its accurate detection 
of four Phytophthora species with the four extension primers in a single analysis. This 
multiplexing capability will increase detection of multiple species and throughput and 
also reduces misidentification of species with similar disease symptoms. 
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CHAPTER 5 
 
Sensitivity of detection of Phytophthora DNA by PCR  
and mass spectrometry 
 
 
 
5.1  Introduction 
 
Sensitivity of a detection method is the ability of the method to detect or measure a 
certain limit (level) of the target according to certain criteria of the method. The 
detection limit (DL) is the lowest amount or measurement that can be taken or detected 
when using the method. For example, knowing the sensitivity of the detection method is 
important for effective quarantine control (Bonants et al., 2004). 
 
PCR based detection methods are more sensitive than culture based methods such as 
baiting. The sensitivity of a DNAbased detection method is governed by factors such as 
the DNA extraction process, type of material, amplification parameters and most 
importantly, the primers and concentration of dNTPs and DNA polymerase (Ersek et 
al., 1994; Schubert et al., 1999). Amplification mixtures with small amounts of DNA in 
it are prone to PCRinduced artefacts such as primer-dimer while low quality or dirty 
DNA can cause unequal amplification attributed to inhibition of the enzyme. Too much 
or degraded DNA can result in little or no PCR product. 
 
The primer pairs utilised in the amplification determines the target region that will be 
amplified. Some universal primer pairs such as the ITS primers (White et al., 1990) can 
be used to amplify the rDNA region for Phytophthora species and other fungal species. 
Specific primer pairs that can identify specific sequences such P.citricola (Schubert et 
al., 1999), P.nicotianae (Grote et al., 2002) and many others have been have also been 
described. These primers could be utilised together with the universal ITS primers in a 
nested PCR to increase the detection sensitivity.     106 
The aim of the experiments in this chapter is to determine the limit of sensitivity for 
detection of P.cinnamomi in soil using PCR which was achieved by: 
(i) assessing the efficiency of different extraction methods with P.cinnamomi spiked soil  
(ii) assessing the amplification sensitivity of different primer pairs and effects of 
heterologous DNA on amplification 
(iii) assessing the relationship between PCR amplification efficiency and MALDI-TOF 
MS analysis 
 
 
5.2  Materials and Methods 
 
5.2.1  Source of DNA and extraction methods 
 
The isolate of P.cinnamomi MP97.16 was cultured on CMA and then grown in V8-
media as described in section 2.1. Lyophilised mycelium of P.cinnamomi MP97.16 was 
snap frozen in liquid nitrogen and ground into fine powder. A slurry was prepared by 
suspending 200 mg ground mycelium in 1 ml extraction buffer for each of the DNA 
extraction methods. This was used to prepare a series of stock dilutions ranging from 20 
to 10
-7 mg mycelium ml
-1. One millilitre of each dilution was mixed with 0.5 g of each 
type of soil. DNA was extracted from the soil mixes as well as the dilutions of 
mycelium alone. 
 
The DNA methods used for extraction were: Method 1, the CTAB method of Graham 
et al., (1994); Method 2, the phenol chloroform method of Raeder and Broda (1985); 
and Method 3, the CTAB method of Cullen and Hirsch (1998). 
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5.2.2  Soil samples 
 
The different soil samples used to study the extractive capacity of the extraction 
methods were randomly chosen (Table 3.1) where: 
(i)  Three soil samples (AY2[11], WR3 and WG3) were selected to test the 
extractive capacity of the different extraction methods 
(ii)  Soil sample AY2[14] was used to study the extraction and amplification 
sensitivity with different primer pairs and subsequent MS analysis. 
 
 
 
Table 5.1 Soil samples used in this study with their labels, soil type and sampling location 
 
 
   Sample ID              Sampling location             Soil type 
 
   AY2[11]                 Dwellingup Huntley Mine               Gravelly and sandy 
 
   WR3                   Bodington Bauxite Mine               Gravelly forest 
 
   WG3              Bodington Bauxite Mine               Gravelly forest 
 
   AY2[14]                       Dwellingup Huntley Mine               Gravelly and sandy 
 
The four soil samples used this study were obtained from M.Glen, CSIRO. 
 
 
 
 
5.2.3  PCR amplification 
 
The robustness of the different extraction methods was determined by amplifying the 
spiked soil DNA extracts obtained from extractions carried out using the three 
extraction methods. The DNA was amplified with primers RPc3 and LPc2 according 
the conditions described in section 2.4.1. The same primers were also used to amplify 
all the DNA extracts obtained from the serially diluted P.cinnamomi mycelium.  
 
The amplification sensitivity of different primer pairs was assessed with the DNA 
obtained from spiked soil AY2[14]. Amplification with the five primer pairs (Table 2.2)     108 
were carried out under the conditions described in section 2.4.2. The amplified products 
which were detected on 0.8 - 1.5% agarose were stained in 0.5 µg/ ml Ethidium 
Bromide (EtBr) and then photographed with a digital camera under UV illumination 
(section 2.4.4). 
 
 
5.2.4  Mass spectrometry analysis 
 
The relationship between PCR amplification and the sensitivity of MALDI-TOF MS 
analysis was carried out using the amplified DNA products of the five primer pairs. The 
amplified products were used as DNA template in the SNuPE reaction which was 
carried out with the extension primer GPc followed by MS analysis according to the 
conditions described in section 2.5. 
 
5.2.5  DNA purification and effects of heterologous DNA 
 
The success of PCR amplification was known to be influenced by the purity of the DNA 
used. Heterologous DNA and humic acid were known to inhibit amplification (Tsai and 
Olson, 1992). Here a study to determine if further purification of DNA was necessary 
was carried out. The study on the concentration range of heterologous DNA that could 
affect amplification was also included. Calf thymus DNA (ctDNA) was used as the 
heterologous DNA to study its effect on amplification. P.cinnamomi DNA which was 
extracted using Method 1 was treated with different DNA purification kits. A crude 
P.cinnamomi DNA extract (untreated) was included for comparison. 
 
The three DNA purification kits used were:- 
(i)  BRESAclean kit (Bresatec, Adelaide, South Australia) 
(ii)  QIAEX II DNA cleanup kit (QIAGEN Pty Ltd, Australia) 
(iii)  QIAquick gel extraction kit (QIAGEN Pty Ltd, Australia)     109 
5.2.6  Baiting 
 
Baiting of P.cinnamomi from spiked soil was carried out for comparing the sensitivity 
of detection between baiting and PCR-based methods. Each 0.5-g sub-sample of soil 
AY2[11] was spiked with freshly prepared serial dilutions of mycelium from 
P.cinnamomi, MP97.16. The mycelium used was not lyophilised so the preparation of 
the dilution series was different. The spiked soil was flooded with 10 ml sterilised 
deionised water. 
 
The baits were prepared from disinfected azalea leaves. A sterile cork borer was used to 
cut out a 15-mm diameter disk from the disinfected leaves. The cut leaf disks were 
wiped clean with 70% ethanol before floating them on the soil-water surface as baits. 
Ten leaf disks were floated in each soil sample. The baiting period was carried out 
according to those described by Marks and Kassaby (1972). On the 7
th day, the baits 
were taken out and cleaned in 1% sodium hypochlorite solution for 5-10 seconds 
(Dance, 1975). They were then rinsed in sterile deionised water and blotted dry on 
sterile filter paper. The dry baits were then plated on NARPH media which was 
prepared as described in section 2.1.1.4. 
 
The plates with the baits were incubated at 25 
oC in the dark for three days after which 
they were examined under a compound microscope using the 50x objective lens. The 
presence of mycelial structures of P.cinnamomi was observed. 
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5.3  Results 
 
5.3.1  Comparison of methods for extraction of PCR amplifiable DNA 
 
DNA obtained from the different extraction methods was amplified using the 
LPc2/RPc3 primer pair. In general, DNA extracted by Method 1 was more amplifiable 
than DNA extracted by either of the other two methods (Figure 5.1). Method 1 yielded 
amplification products from all soils and from the mycelium alone. In extracts from the 
soil mycelium, the products were observed down to a dilution of 10
-3 mg mycelium 0.5 
g soil
-1, although with soils AY2[11] and WG3, the product from the 10
-3 dilution was 
considerably weaker than the product at 10
-2 mg. The level of detection from the 
mycelium alone extracts were 10 fold lower than observed with the mycelium soil 
extracts. 
 
In comparison, Method 2 was much less efficient at extracting PCR amplifiable DNA 
from either mycelium, or from mycelium soil mixtures (Figure 5.1). No amplification 
products were observed for AY2[11] or WG3 soils. The limit of detection for mycelium 
alone was 1 mg mycelium. Although the same products were observed in mixtures of 
mycelium and WR3 soil, the intensity of the bands was considerably weaker than 
observed with the mycelium alone. 
 
DNA extracted from mycelium mixed with WR3 soil by Method 3 performed very well, 
yielding products down to a dilution of 10
-7 mycelium 0.5 g soil
-1 (Figure 5.1). However 
no products were observed for AY2[11] or WG3 soils, whilst with the mycelium alone 
extracts, products were observed only in the two most concentrated extracts. 
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Figure 5.1 Comparison of the extraction capacity of different extraction methods with different 
soil samples.  Method 1: Graham et al., (1994) CTABmethod;  Method 2: Raeder and Broda 
(1985) phenol chloroform method; Method 3: Cullen and Hirsch (1998) CTAB method. The 
DNA was amplified with RPc3/LPc2 primer pair. A: serially diluted P.cinnamomi mycelium;  
B: soil AY2[11] spiked with mycelium dilution series; C: mycelium spiked WR3 soil;  D: 
mycelium spiked WG3 soil. The mycelium preparation ranged 20, 10, 1, 10
-1 to 10
-7 mg/ml 
(wells 1-10).       112 
The concentration or cleanliness of DNA extracted was higher in the three soils 
extracted with Method 1 than that of Method 3 or Method 2. Based on the results 
obtained, Method 1 was the better extraction method and hence preferred for subsequent 
experiments. It was also simple and easy to use with less harmful solvents required.  
 
5.3.2  Sensitivity of detection  
 
5.3.2.1 Comparison of primer pairs for sensitivity 
 
Five primer pairs (Table 5.2) were tested for their ability to amplify DNA from 
mycelium, and from mycelium soil mixtures. The results (Table 5.2) showed significant 
variation in sensitivity with different primer pairs. The best performing primers were the 
ITS1/2 and the ITS1/GPc pairs that produced amplification products down to  
10
-5 mg mycelium 0.5 g soil
-1. This was comparable to the sensitivities of LPc2/RPc3 
primers in the absence of soil and two fold greater than these primers in the presence of 
soil. The ITS1/4 primer pair was a thousand fold less sensitive than the ITS1/2 pair in 
the absence of soil and 10
5 fold less sensitive with mycelium soil extracts. The 
95.422/96.007 primer pair that amplified the cinnamomin gene (Coelho et al., 1997) had 
a very low sensitivity of detection by comparison. 
 
For some primer pairs, the sensitivity of detection was significantly lower in mycelium 
soil extracts compared to mycelium alone extracts. The sensitivity of the ITS1/4 primer 
pair was reduced 10
5 fold, and that of the RPc3/LPc2 pair by 10
4 fold by the presence of 
soil. The sensitivity of the 95.422/96.007 primer pair was also reduced. The limit of 
sensitivity of the ITS1/2 and the ITS1/GPc primer pairs was not established and so the 
effect of soil on this limit could not be determined. These primer pairs showed positive 
detection at all dilutions both with and without soil (Table 5.2). 
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Table 5.2 PCR products of mycelium spiked soil extracts and control amplified with different 
primer pairs 
 
 
                                              Primer pairs used in the PCR amplification 
       ITS1and ITS4        ITS1and ITS2 RPc3 and LPc2  ITS1and GPc 95.422 and 96.007
mg mycelium myc  soil- soil-myc  myc soil- soil-myc myc soil- myc soil-   myc   soil-
in 0.5 g soil only  myc nested  only myc nested only myc only myc   only   myc
   20  3+   3+   3+   3+   3+     3+   3+    3+   3+   3+   3+   3+
   10  3+   3+   3+   3+   3+     3+   3+    3+   3+   3+   3+   3+   3+
    5  3+   3+   3+   3+   3+     3+   3+    3+   3+   3+   3+
    2.5  3+   3+   3+   3+   3+     3+   3+    3+   3+   3+   3+   2+
    1  3+   3+   3+   3+   3+     3+   3+    3+   3+   3+     -   -
‘   1x10
-1  3+   -   3+   3+   3+     3+   3+    3+   3+   3+     -   -
‘   1x10
-2  3+   -   3+   3+   3+     3+   3+     -   3+   3+     -   -
‘   1x10
-3   -   -   3+   3+   3+     3+   3+     -   3+   3+     -   -
‘   1x10
-4   -   -   3+   3+   3+     3+   3+     -   3+   3+     -   -
‘   1x10
-5   -   -   3+   3+   3+     3+   3+     -   3+   3+     -   -
     0   -   -     -   -     -     -     -    -     -   -
                    Number of replicates positively amplifed which were detected on agarose
 
 
The PCR products were visualised after staining with Ethidium bromide and photographed    
under UV light. 2 and 3: number of replicates positively amplified; +: strong band;  
+: weak band; -: no band. The soil used was AY2[14]. The mycelium soil mixtures were 
prepared as described in section 5.2.1. 
 
 
 
 
 
 
The amplification products of the five primer pairs were of different sizes and amplified 
at different regions in the genome. In the first round of amplification, primer pairs 
ITS1/2 and ITS1/GPc were the most sensitive, followed by RPc3/LPc2, ITS1/4 and 
95.422/ 96.007. The sizes of the amplified products detected on agarose were about 850 
bp (ITS1/4), 230 bp (ITS1/2), 280 bp (RPc3/LPc2), 260 bp (ITS1/GPc) and 350 bp 
(95.422/96.007) respectively. 
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The sensitivity of primer pairs ITS1/2 and ITS1/GPc were similar when used to amplify 
DNA extracted from the mycelium-only dilution series. The sensitivity of primers 
RPc3/LPc2 was comparable to these two primer pairs in amplifying the DNA extracted 
from mycelium-only series. However, primer pairs ITS1/4 and 95.422/96.007 were not 
as sensitive as the above three primer pairs and they were only able to amplify template 
DNA obtained from mycelium concentrations as low as 10
-2 and 10 mg respectively 
(Table 5.2). 
 
5.3.2.2  Nested PCR 
 
To increase the amplification sensitivity, a second round of amplification was carried 
out. The DNA template was from the amplified products of the spiked samples which 
were initially amplified with primers ITS1/2 and ITS1/4. The second round 
amplification was carried out with primer pair ITS1/GPc. The first round PCR product 
was diluted 200-fold and 1µl of the dilution was added to the 25-ul PCR mixture. All 
the other PCR reagents were kept constant.  
 
The sensitivity of detection was increased 10
5 fold when the products of primer pair 
ITS1/4 were amplified again with primers ITS1/GPc (Table 5.2). The nested PCR was 
able to amplify DNA extracted from soil spiked with as little as 10
-5 mg mycelium 0.5 g 
soil
-1. No change in sensitivity was observed for those of primer pair ITS1/2 except that 
the intensity of the bands detected for soil samples spiked with 10
-5 to 10
-1 mg 
mycelium was increased (Table 5.2). 
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5.3.2.3 Detection of amplicons by mass spectrometry 
 
The combination of ITS primers amplified the ITS rDNA regions and were detected by 
MALDI-TOF MS with varying accuracy but the sensitivity of detecting the 
P.cinnamomi DNA was high. The three replicates tested were detected with a detection 
limit of 10
-5 mg mycelium 0.5 g soil
-1 (Table 5.3). The PCR products obtained with the 
primer pairs that amplify the ITS regions were tested for detection by mass 
spectrometry. The RPc3/LPc2 and 65.422/96.007 pairs were excluded as the mass 
spectrometry genotyping primers do not anneal to these amplification products. 
 
 
 
 
Table 5.3 MALDI-TOF MS analysis of products amplified with different primer pairs 
 
 
         Primers used in the first round PCR amplification 
    ITS1 and  ITS4      ITS1 and ITS2 ITS1 and GPc
mg mycelium myc soil- soil- myc soil- soil- myc soil-
per 0.5 g soil only myc myc only myc myc only myc
nested nested
     20      3+    3+       3+     3+    3+      3+     3+     3+
     10      3+    3+       3+     3+    3+      3+     3+     3+
       5      3+    3+       3+     3+    3+      3+     3+     3+
       2.5      3+    3+       3+     3+    3+      3+     3+     3+
       1      3+      -       3+     3+    3+      3+     3+     3+
‘      1x10
-1      3+      -       3+     3+    3+      3+     3+     3+
‘      1x10
-2       -      -       3+     3+    2+      3+     3+     3+
‘      1x10
-3       -    1+       3+     2+      -      3+     3+     3+
‘      1x10
-4       -    1+       3+     2+      -      3+     3+     3+
‘      1x10
-5       -      -       3+     2+      -      3+     3+     3+
       0       -      -         -      -      -      -      -     -
The number of replicates tested positive with primer extension 
products as detected by MALDI-TOF MS
 
myc: abbreviation of mycelium; 1,2 and 3: number of replicates positively detected; +: 
extension product detected; -: no extension product detected 
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A number of more dilute reactions that were tested positive by PCR tested negative by 
mass spectrometry (Table 5.3). With the ITS1/4 primer pair, detection of P.cinnamomi 
after a single round of PCR was 10 fold less sensitive with mycelium and mycelium soil 
extracts. Also with the ITS1/2 primer pair, the presence of soil decreased the detection 
efficiency a thousand fold although it had no effect on the sensitivity of detection with 
mycelium alone. All of the products of the ITS1/GPc primer pair were detected. All of 
the products of nested PCR reactions were also detected by mass spectrometry (Table 
5.3). 
 
The experiments here demonstrated that the detection sensitivity of MALDI-TOF MS 
analysis was influenced by the purity of the template, the amplification primers used 
and the amplified sequence. The sensitivity can be increased by carrying out a second 
round amplification with the extension primer included. 
 
5.3.3  Investigating parameters of the PCR reaction 
 
5.3.3.1 Effects of DNA impurities on PCR amplification 
 
The success or failure of PCR amplification was influenced by a few factors of which 
one of them is DNA quality. DNA extracts with high amounts of impurities could 
inhibit the enzyme activity as described by Tsai and Olson (1992).The inhibitory effects 
of these impurities affecting amplification (Figure 5.2) could be reduced or taken out by 
treating the DNA such as putting the DNA through a column, precipitation or diluting it 
(Bonants et al., 1996; Cullen and Hirsch, 1998).  
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Three purification kits (section 5.2.4) were used to further clean the P.cinnamomi DNA 
extracts before amplification. The cleaned DNA was diluted 1:10 to 1:100 times and 
amplified with primers ITS1 and ITS4. A control sample of diluted crude DNA which 
had not been treated was included. The gel photograph taken of the amplified products 
showed that it was not necessary for the extra DNA cleaning steps as shown by the 
control. The amplified products of the control showed that with sufficient dilution, the 
primers were able to amplify the untreated DNA (Figure 5.2; lanes 14 -17).  
 
 
 
      
 
Figure 5.2 Comparison of amplified DNA products after purification.  Lane 1: DNA size 
marker;  lanes 2 – 5: QIAEX II kit; lanes 6 – 9: QIAquick gel extraction kit; lanes 10 – 13: 
BRESAclean kit; lanes 14 – 17:Crude DNA. The DNA samples are diluted 1:100, 1:50, 1:20 
and 1:10 before amplification. The PCR products are visualised after staining with Ethidium 
bromide and photographed under UV.  
 
 
 
 
 
The 100-fold diluted untreated DNA was successfully amplified and produced a very 
strong band on agarose gel. This band intensity was similar to those observed in the 
amplified products obtained using the three purification kits (Figure 5.2; lane 14). The 
QIAEX II DNA cleanup kit produced a cleaner PCR amplifiable DNA. The 1:100 and 
1:50 dilutions of the cleaned product had less background or smearing than the rest of 
the amplified products (Figure 5.2; lanes 2 & 3).  When diluted 100-fold, there was still     118 
a high background or smearing observed for the QIAquick gel extraction kit. So did the 
BRESAclean kit which showed similar band as the later after dilution. This reaffirmed 
that with sufficient dilution, the amplification process could be carried out successfully. 
As purification of DNA adds to the time and expense of sample preparation as well as 
loss of target DNA, diluting the DNA before amplification was a better option. Apart 
from reducing cost, the amount of impurities would also be reduced. 
 
 
5.3.3.2 Effects of heterologous DNA on PCR amplification 
 
Heterologous DNA could affect amplification either by increasing the background or 
masking the target DNA. In multiplex PCR, heterologous DNA could influence the 
annealing or melting temperatures of the primers used. This could reduce the detection 
of sensitivity by PCR or produce false results. Heterologous DNA, humic acids and 
polysaccharides that were co-extracted with the target DNA were the common 
impurities that would affect amplification of soilborne plant pathogenic DNA. 
 
Calf thymus DNA (ctDNA) was used to test the effects of heterologous DNA on the 
sensitivity of PCR amplification. Serial dilutions of ctDNA were added to a constant 
amount of P.cinnamomi DNA. The amplification was carried out using primers ITS1 
and ITS4 in a 25-µl reaction volume under the conditions described in section 2.4.2. 
Amplification of P.cinnamomi DNA with primers ITS1/4 was limited by the 
concentration of ctDNA. The detection limit was 0.8 pg P.cinnamomi DNA per 250 ng 
ctDNA (Table 5.4).  When the amount of P.cinnamomi DNA was increased, the primers 
amplified from 800 pg of template the DNA in the presence of 500 ng ctDNA (Table 
5.4). However, increasing the concentration of ctDNA to more than 500 ng in the PCR 
mixture inhibited the amplification of P.cinnamomi DNA. 
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Table 5.4 Amount of heterologous DNA (CtDNA) in amplification of P.cinnamomi DNA and  
detected on agarose 
 
   
                    Number of replicates detected 
                        positive with amplification  
                  products as  observed on agarose 
 
        ng ctDNA           pg P.cinnamomi DNA 
                       800      8           0.8 
 
            1x10
-3       3+     3+          3+ 
            1x10
-2       3+    3+          3+ 
                1x10
-1       3+    3+          3+ 
            1x10
-3       3+    3+          3+ 
                1         3+    3+          3+ 
                10         3+    3+          3+ 
                 100         3+    3+          3+ 
                250         3+    3+          3+ 
                500         3+    -          - 
 The PCR products were visualised after staining with Ethidium bromide. 3+: number of 
replicates positively amplified with strong band;  3+: number of replicates amplified with 
moderately strong band;  3+: number of replicates amplified with weak band; -: no band. 
 
 
 
 
 
 
 
5.3.4  Sensitivity of detection of P.cinnamomi by baiting  
 
To compare PCR detection with traditional baiting, a dilution series was made with 
ground fresh mycelium. P.cinnamomi was baited from spiked soil using azalea leaf 
disks as baits as described in section 5.2.6. The number of positively infected baits 
collected was inconsistent and not proportionate to the mycelium dilution used in the 
spiking. This could be observed in soil AY2[11] where 8 baits were infected in the 
sample spiked with 1.25 and 2.5 mg mycelium while only 2 and 4 baits were infected in 
the sample spiked with 5 and 40 mg mycelium respectively (Table 5.5). Likewise the 
inconsistent results could also be observed in soil WR3 and WG3 where 8 baits were     120 
infected in the samples spiked with 0.08 and 0.002 mg mycelium respectively while the 
samples spiked with 2.5 to 40 mg of mycelium had less number of baits infected (Table 
5.5). There were also infected baits found in the control samples. 
 
 
Table 5.5 Baiting of P.cinnamomi in three soil types with azalea leaf disks as baits 
  
 
                 Number of infected baits detected on NARPH media 
  
   mg mycelium                       
    in 0.5 g soil       soil AY2[11]  soil WR3      soil WG3   
 
                   40         4        5               3 
                    20          6        3               2 
         10          7        2               6 
         5.0    2        5               5 
         2.5        8        6               7 
         1.2        8        5               5 
         6x10
-1    5        5               5 
         4x10
-2    3        8               3 
         2x10
-3    6        3               8 
           0          1        1               5 
 
  
  
                       
 
 
 
 
 
5.4  Discussion 
 
In this chapter, the robustness of three extraction methods and sensitivity of 
amplification primers were observed to play a crucial role in the detection of 
P.cinnamomi DNA extracted from soil where the detection limits of PCR was 
influenced by the quality of DNA and also the primers used. 
     121 
The PCR amplification efficiency was observed to differ with different extraction 
methods as shown in Figure 5.1 where the mycelium alone amplified less well than the 
mycelium soil extracts. The opposite was observed in Table 5.2. However, the 
amplification of P.cinnamomi DNA extracted from mycelium spiked soil and detection 
of the amplified products on agarose and by MALDI-TOF MS showed that a simple 
extraction method such as the CTAB method of Method 1 plays an important role in the 
sensitivity of a detection method.  The DNA yield from the phenol-chloroform method 
of Raeder and Broda (1985) and CTAB method of Cullen and Hirsch (1998) were less 
than that obtained with the method of Graham et al., (1994) but this does not mean that 
these methods were not reliable. The negative amplification could have been due to low 
DNA yield or high amount of impurities such as humic acids and polysaccharides that 
was co-extracted. Humic acid as little as 1 ng was sufficient to inhibit amplification 
(Steffan et al., 1988; Tsai and Olson, 1992).   
 
Primer pairs showed significant variation in sensitivity of detection. The most efficient 
were the ITS1/2 and the RPc3/LPc2 pairs. These yielded amplicons at all dilutions 
down to 10
-5 mg mycelium 0.5 g soil
-1. They were very much more sensitive compared 
to the ITS1/4 pair. The efficiency may be related to the size of the amplicon. The ITS1/2 
and RPc3/LPc2 amplicons were 230 and 280 bp respectively, whereas the ITS1/4 
amplicon is over 800 bp. It was shown here that the detection sensitivity of amplified 
P.cinnamomi DNA differed with different primers where amplification with primer 
pairs ITS1/2 and ITS1/GPc was more sensitive than RPC3/LPc2, ITS1/4 and 95.422/ 
96.007. The primers ITS1/2 and ITS1/ GPc were more sensitive because they amplified 
a shorter sequence than ITS1/4. Apart from that, the ITS primers including GPc were 
designed to amplify the rDNA genomic DNA which are thought to be present in     122 
multicopies (Bruns et al., 1990; Ersek et al., 1994) and much easier to amplify and with 
high detection sensitivity.  
 
On the hand, primer pair 95.422/ 96.007 was prepared based on the sequence of a single 
copy only (Coelho et al., 1997) which limits the sensitivity of detection. Haff et al., 
(1994) reported in their experimental observations that the amplification process was 
more efficient with smaller amplicons. However, the level of the detection sensitivity 
can be increased with a second round amplification (Tooley et al., 1997; Cooke et al., 
1997) such as using specific primers targeting a shorter region as demonstrated with 
ITS1 and GPc.  
 
Together with the MALDI-TOF MS analysis, the sensitivity of the diagnostic method 
can go a level higher as MALDI-TOF MS has demonstrated that it was sensitive enough 
to detect P.cinnamomi DNA from soil spiked with mycelium from as low as 10
-5 mg. 
However, a number of reactions that tested positive by PCR were negative when tested 
by MALDI-TOF MS. This implies that the mass spectrometry is very sensitive to 
impurities but some of the negative observations could also be attributed to the sample 
preparation and MS analysis steps where pipetting inconsistency could produce 
inhomogeneous spots. The impurities co-extracted from soil which contained cations 
such as sodium or potassium can interfere with MS analysis as they formed salts which 
caused broadening of peaks during detection. Salt adduct peaks can also overlap the 
actual sample peaks during detection thus resulting in non-detection of the actual 
product peaks. Apart from the overlapping and peak broadening effects, the impurities 
can cause uneven spread of the sample-matrix complex on the MS sample plate. This 
inhomogeneous spot with varying sample concentration resulted in less ions formed     123 
during desorption/ionisation and hence insufficient amount reaching the detector or with 
reduced signal intensity to be positively detected (Owen et al., 2003). 
 
Although spin columns such as the QIAquick PCR purification kit or PVPP columns 
could be used to purify the DNA and increase the detection sensitivity of PCR products 
and MS detection, Zhou et al., (1996) had noted that some DNA could be lost in the 
PVPP spin columns. The low yield, longer analytical time and expense incurred when 
using these columns can reduce the user friendliness of columns. But as demonstrated, 
with sufficient dilution of the extracts, the amplification of untreated P.cinnamomi DNA 
was as efficient as those performed with column purified DNA and also the detection 
sensitivity (Lloyd-Jones and Hunter, 2001). However in some diagnostic protocols, the 
sensitivity of detection by PCR is sometimes unsatisfactory which can also be attributed 
to primers used in the amplification process.  
 
In comparing the sensitivity of detection by baiting with PCR amplification of 
mycelium soil extracts, it was difficult to prepare a more dilute solution than was tested. 
This was because of the clumped nature of the mycelial suspension making it also 
difficult to spike the soil with a homogeneous mycelium slurry. This could have also 
contributed to the inconsistency in the number of infected baits. Despite the inconsistent 
baiting results demonstrated in this experimental chapter, the detection sensitivity of 
Phytophthora DNA from soil can be increased by incorporating baiting and PCR in the 
detection assay such as those carried out by Bonants et al., (2004) to test for P.fragariae 
in propagation stocks meant for export. In their experimental demonstrations, Pettit et 
al., (2002) and Bonants et al., (2004) baited the pathogen and then carried out 
amplifications on the DNA that was extracted from the baits. 
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Generally the detection sensitivity of any diagnostic protocol can be increased with 
appropriate selection of extraction method, amplification primers, DNA quality and 
end-point detection tool. PCR-based assays coupled with mass spectrometry can 
increase the sensitivity, accuracy and throughput when carrying out diagnosis of 
soilborne Phytophthora species.   129 
CHAPTER 6 
 
Persistence and degradation of DNA in soil 
 
 
 
6.1  Introduction 
 
For a detection and diagnostic method to be useful and reliable, it is essential to know if 
the source of the detected DNA is alive or dead. Hence information regarding the 
viability and persistence of the DNA in soil is vital. 
 
Recorbet et al., (1993) monitored the survival of a genetically engineered E. coli strain 
in a microcosm containing nonsterile soil using PCR.  They found that although the 
numbers of viable cells fell below the detectable threshold by 15 d, they continued to 
detect copies of the target sequence after 40 d.   In another study, Romanowski et al., 
(1992) used a number of techniques to monitor the survival of plasmid DNA in 
nonsterile soil.  They reported that after the first 24 h, acid soluble material was 
produced from labelled plasmid DNA.  This was paralleled by a decrease in the signal 
generated by slot-blot analysis.  Southern blotting showed that after 5 days no intact 
plasmids were detectable in the soil.  However, using the more sensitive technique of 
transformation to detect intact plasmids, they found that the number of intact plasmids 
did not drop below the detectable limit until 10 d of incubation.   This study also 
confirmed the biological nature of DNA degradation in soil by demonstrating that 
ethylene oxide treatment of the soil reduced the extant of DNA degradation.  
 
Despite previous studies on the survival of DNA in soil there have been no studies on 
the survival of DNA in Western Australian (WA) soils.  These are typically gravelly 
type soils with a low organic content and hence a low microbial and a high iron content.  
This contrasts with the clay, silt and loam soils used in the studies of Recorbet et al.,   130 
(1993) and Romanowski et al., (1992).   In addition, the survival of DNA in WA soils is 
likely to vary considerably throughout the year.   During the long dry summers when 
soil microbial is low, DNA is likely to be more persistent.  In contrast, during the warm 
moist winter months it would be expected that soil DNA would be degraded quickly. 
 
The aims of the experiments presented in this chapter are to determine the persistence of 
plasmid DNA in WA soils.  Two approaches were used: (A) to measure the release of 
acid soluble material from labelled plasmid DNA mixed with soil, and (B) southern 
blotting of plasmid DNA to detect intact plasmid.  
 
 
P cinnamomi is very widespread in WA forests, and we cannot be sure that there would 
be no P cinnamomi in the soil samples we are using for the experiment.  These were 
taken from the forest and used directly.  Although the sites from which they were taken 
are disease free, we cannot be sure that they do not contain the pathogen.  Growth of 
endogenous P cinnamomi during the experiment would obscure the results of the 
experiment, therefore we decided to use plasmid DNA since we know that this would 
not be present in the sample.  The plasmid we are using, p34GFN (Si Ammour et al., 
2003) contains a GFP gene from jellyfish linked to the HAM34 promoter from the 
oomycete Bremia lactuca.  This plasmid does not exist naturally.   
 
6.2  Materials and Methods 
 
6.2.1  Soil samples 
 
The first part of the study was to assess the amount of non-degraded DNA that was 
extracted out from soil inoculated with labelled DNA. The relationship between the 
amount of degraded DNA and soil moisture content was studied. The study was carried 
out on three soil types. The three soils were from Compost mix, Jarrah forest and   131 
Murdoch forest which were collected by Dr. O’Brien (Murdoch University). The soil 
samples were labelled as Compost mix (C), Jarrah forest (J) and Murdoch soil (M) 
respectively. 
 
The second part of the study was to assess the integrity of plasmid DNA in three soil 
types by Southern hybridisation. The three soil samples were collected by N. Anderson 
(Murdoch University). The soil samples were labelled as Murdoch (M), Native (N) and 
Gingin (G) respectively. The Murdoch soil was used in the initial determination of soil 
DNA-blocking effects and estimating the concentration of plasmid DNA required for 
subsequent soil inoculation. The DNA persistence experiment by Southern hybridisation 
was carried out using the three soils, Murdoch (M), Native (N) and Gingin (G). 
 
The third part of the study was to observe the variability of plasmid integrity in the same 
soil type collected from four different locations (Table 6.1). The soil samples were 
collected from a Jarrah forest by Dr. O’Brien (Murdoch University) and labelled as J1, 
J2, J3 and J4. A garden soil sample was included for comparison and labelled as GC. 
All the soils were kept in air-tight plastic bags immediately after sampling and left on 
the laboratory bench. 
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Table 6.1 Same soil type samples collected for studying plasmid integrity 
 
   
 Sample ID     Soils              Collection area                       Soil type 
     J1     Jarrah forest     Gleneagles Forest, 10 km            Sandy yellowish brown 
                                                        from Armadale along 
                                                        Albany Highway 
 
     J2                 Jarrah forest          Gleneagles Forest, 21 km                 Sandy yellowish brown 
                                                       from Armadale along 
                                                       Albany Highway 
 
     J3                 Jarrah forest          at the intersection of Albany             Sandy brownish black 
                                                       Highway and Jarrahdale Road 
 
     J4                Jarrah forest          6 km after the intersection                 Sandy brownish black 
                                                       along Jarrahdale Road 
 
    GC               Garden soil            taken from Dr. O’Brien’s                 Sandy black 
                                                       Backyard 
 
 
 
 
 
6.2.2  Preparation of labelled DNA 
 
6.2.2.1  
32P labelled DNA 
 
The 
32P-labelled DNA used to assess the amount of acid-insoluble DNA by scintillation 
counting was prepared using isotope 
32P-dCTP from the “Ready-to-go labelling beads” 
kit (Amersham Pharmacia). Calf thymus DNA (ctDNA) was used and the labelling of 
the DNA was carried out according to the manufacturer’s instructions (Amersham-
Pharmacia). This 
32P-labelled DNA was used to inoculate the soil samples used in the 
study. 
 
6.2.2.2  DIG labelled DNA 
 
The DIG-labelled probe was prepared by labelling the plasmid DNA. The DIG-dUTP 
(alkali-labile) was incorporated to the DNA during amplification, carried out according 
to the manufacturer instructions (ROCHE PCR DIG Probe Synthesis Kit, USA). The 
forward and reverse primers used in the synthesis of the probe were HAMgfpF2  
(5’-ATTAAAGACATCTCTTGCACAGG-3’) and HAMgfpR2    133 
(5’-TTGAAGAAGTCGTGCTGCTT-3’).  The thermal cycling conditions for the 
labelling was: 10 minutes at 94 
oC followed by 30 cycles at 94 
oC for 1 minute, 51 
oC 
for 1 minute and 72 
oC for 2 minutes. This was followed with a further elongation at   
70 
oC for 10 minutes. The DIG-labelled probe was detected on 1.5 % agarose. 
 
6.2.3  Extraction of DNA from soil 
 
6.2.3.1 Extraction of 
32P labelled DNA for scintillation counting 
 
A sub-sample of 0.5 g of 
32P-DNA inoculated soil was mixed with 2 ml of 0.9 % NaCl 
(saline) and centrifuged. A 1.5-ml volume of the supernatant was taken and 1 mg/ml of 
ctDNA was added together with 1.6 ml of ice-cold 10 % trichloroacetic acid (TCA). 
The mixture was incubated on ice for 30 minutes before filtering through a 0.45 µm 
glass fibre filter. The filter with the insoluble radioactive material was washed with ice-
cold 10 % TCA and then placed in a scintillation phial with 10 ml of the scintillation 
liquid OptiPhase 5 (Wallac, UK). The total activity was measured by liquid scintillation 
counting (Beckman Liquid Scintillation LS6000). The liquid scintillation counter 
determines the net activity (cpm) which was the counting efficiency multiplied by the 
disintegrations (dpm) of the radio-labelled DNA per second. The acid-insoluble fraction 
which was the intact (or non-degraded) DNA was averaged from the readings taken for 
the three replicates tested in each sampling.  
 
6.2.3.2 Extraction of plasmid DNA 
 
The p34GFN plasmid DNA inoculated soils were mixed thoroughly before a 1-g sample 
was collected at the designated time intervals and kept at -80 
oC before DNA extraction. 
The DNA was extracted from the 1-g soil samples using Method 1 as described in 
section 2.2.1. 
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6.2.4  Southern Hybridisation analysis 
 
The integrity of plasmid DNA in soil was assessed using the DNA hybridisation method 
of Southern (1975) as described in Sambrook et al., (1989). A volume of the extracted 
DNA was separated on 1 % agarose gel. The gel was stained in Ethidium bromide and 
photographed as described in section 2.4.4 before neutralisation and denaturation after 
which the DNA was transferred from the gel onto the nylon membrane using 20X SSC 
(sodium chloride and sodium citrate solution) as transfer buffer. The DNA fixing was 
carried out in the UV chamber using the GS GENE LINKER™ (BIO-RAD) while 
prehybridisation and hybridisation was carried out as described in Sambrook et al., 
(1989).  
 
6.2.5  Extraction of plasmid DNA from E.coli 
 
The p34GFN plasmid (7108b bp) used in the study of DNA integrity consisted of a 
HAM-GFP chimeric gene. Plasmid DNA was prepared from an overnight bacterial 
culture in Luria Broth (LB) media containing 10 µg/ ml ampicillin and incubated at  
37 
oC on a shaker. The LB media used was prepared
 as described in section 2.1.1.3.  
DNA extraction was performed according to the alkaline extraction method of Birnboim 
and Doly (1979). The concentration of the p34GFN plasmid DNA extracted was 
estimated on 1 % agarose. This DNA was used for soil inoculation in subsequent DNA 
integrity experiments. 
 
6.2.6  Measuring soil moisture content 
 
The moisture content (% moisture) of the unlabelled soil was determined by the loss in 
weight after drying at 103 -105 
oC for 24 hours. Samples were taken at the start of the 
experimental period (T0) and 24 hours later (T24). 
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6.2.7  Experimental design 
 
6.2.7.1 Experiment 1: Measuring the persistence of 
32P labelled DNA by TCA 
precipitation 
 
The three soil types (Compost Mix, Jarrah Forest and Murdoch Forest) that were used in 
the measurement of acid-insoluble DNA were inoculated with the 
32P-labelled DNA 
with 5 µg calf thymus DNA (ctDNA) added as the carrier. The specific activity in each 
soil was 31546 (Compost Mix), 126184 (Jarrah forest) and 189277 (Murdoch forest) 
cpm per mg DNA. A 0.5-g sample was collected immediately after adding the 
32P-DNA 
and this was taken as ‘Time-zero’ (T0) followed by subsequent samplings taken after 3, 
6, 9, 12, 15, 30, 45, 60 and 80 hours.  The persistence of DNA in soil was estimated 
from the amount of the insoluble DNA extracted from the soil and measured by liquid 
scintillation.  
 
6.2.7.2 Experiment 2: Measuring the persistence of DNA by Southern 
Hybridisation 
 
6.2.7.2.1 Experiment 2A: Blocking of DNA binding sites on soil particles 
 
The Murdoch soil sample (M) was used as a model to study the binding of DNA onto 
the soil particles. The blocking of soil pores and surfaces with DNA was carried out by 
adding ctDNA to two 15-g portions of soil giving a final concentration of 0.2 and 2 mg 
ctDNA per gram soil. A negative control was prepared by adding an equivalent amount 
of sterile distilled water per gram soil. The samples were thoroughly mixed by shaking 
at 1200 rpm for one hour as described by Demanache et al., (2000). The mixed samples 
were then centrifuged at 5000 g for 20 minutes and the supernatant collected. 
To remove any non-adsorbed ctDNA from the soil, 25 ml of sterile distilled water was 
added and the samples manually shaken for 5 minutes and then centrifuged at 5000 g 
for 20 minutes. This rinsing step was repeated twice. The supernatant from the two 
washes were pooled as one. Ten microliters each of the extracts were loaded into each   136 
well of the gel. The presence of non-adsorbed ctDNA in the soil extracts was detected 
by agarose gel electrophoresis. The ctDNA-treated soil samples were then left to air-dry 
overnight for the next experiment. 
 
6.2.7.2.2 Experiment 2B: Testing the effect of ctDNA and plasmid DNA 
concentration on the persistence of plasmid DNA in soil 
 
Before studying the integrity of plasmid DNA in different soil types through time, the 
estimated concentration of p34GFN plasmid DNA required for inoculating the soil was 
determined by using Murdoch soil as a model. This was carried out to ensure that the 
amount of plasmid inoculated would not be too little such that the experimental 
outcome would reflect a different result. 
 
The ctDNA amended soil and the control from experiment 2A were air dried and used 
in this experiment to study the persistence of plasmid DNA in soil. Plasmid p34GFN 
DNA was added to the soil samples at concentrations of 0.01, 0.1 and 1 mg plasmid g 
soil
-1. A negative control contained sterile distilled water. The soil DNA mixtures were 
incubated at room temperature. Samples were removed from each mixture periodically 
and DNA extracted using Method 1 (section 2.2.1). The DNA extracts were analysed by 
electrophoresis on agarose gels. 
 
6.2.7.2.3 Experiment 2C: Measuring the persistence of DNA by Southern 
Hybridisation 
 
The persistence of plasmid DNA in different soil types was measured in three soils, 
Murdoch (M), Native (N) and Gingin (G) by Southern hybridisation analysis. The soil 
samples were sieved through a 2-mm size sieve before taking the required portion for 
DNA inoculation. These soil samples which were not treated with ctDNA were 
inoculated with the p34GFN plasmid DNA giving a final concentration of 0.1 and 1 mg   137 
plasmid DNA per gram soil respectively. The plasmid-inoculated soil samples were 
placed on a shaker for 2 hours at 4 
oC before samples were taken at the stipulated time 
intervals for DNA extraction. The time course for harvesting the soil was at 0, 1, 2, 5, 
10 and 24 hours, 2, 5, 10 and 20 days. The 1-g soil portions were kept at -80 
oC before 
the DNA was extracted using Method 1 (section 2.2.1). 
 
A volume of 10 µl of the extracted DNA was separated on 1 % agarose gel. The 
1 mg/ml plasmid DNA solution was included as control.  The gel was neutralised and 
denatured before transferring the DNA onto the nylon membrane (Hybond™-N+; 
Amersham Life Science). After fixing the DNA under UV and followed by pre-
hybridisation and hybridisation, the hybridised membrane was developed with the DIG 
luminescent detection kit according to the manufacturer’s instructions (ROCHE DIG 
Luminescent Detection Kit, USA). The DNA targets were probed with the DIG-labelled 
probes added into the hybridisation solution. The hybridised targets were then detected 
by exposure on film at room temperature. After 4 hours, the exposed X-ray film was 
developed and processed using the Fuji X-ray Film Processor FRM-3000. The 
chemiluminescent detection with CSPD was light sensitive.  
 
A second study was carried out to investigate the persistence of DNA in the same soil 
type taken from different locations (Table 6.1). Four jarrah forest soil samples (J1 to J4) 
were sampled and inoculated with p34GFN plasmid DNA. One garden soil sample 
(GC) was included for comparison. The same p34GFN plasmid DNA inoculation 
procedures as those performed on the Murdoch, Native and Gingin soils were carried 
out. The final plasmid DNA concentration in each gram of soil sampled was 0.1 and  
1 mg respectively. A duplicate set of samples J1 to J4 and GC were taken and 
autoclaved before inoculating them with the plasmid DNA solutions. The same time   138 
course for sampling or harvesting of the inoculated soil samples were carried out as that 
of the Murdoch, Native and Gingin samples.  
 
6.3  Results 
 
6.3.1  Experiment 1: Measuring the persistence of 
32P labelled DNA in soil by 
TCA precipitation 
 
The persistence of DNA in soil was measured by adding 
32P labelled DNA to soil.  At 
intervals samples were harvested and the amount of TCA precipitable DNA measured.  
 
The results showed a sharp decrease in TCA precipitable DNA within the first 24 hr 
after addition to the soil.  By 30 hr incubation only about 5% or loss of the TCA cpm 
remained in the jarrah forest or Murdoch campus soil compared to about 13% in the 
compost mixture.  This resistant fraction may represent DNA bound to soil particles and 
therefore protected from nuclease degradation.   
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Figure 6.1 Relationship between DNA degradation and moisture content. A: Amount of intact 
DNA calculated at different sub-sampling intervals; B: Moisture content in the same sub-
sampling period as A. 
 
 
 
The same soil samples in Experiment 1 (section 6.3.1) were used to measure the loss of 
moisture through time. The results in Figure 6.1 showed that there was a relationship 
between the rate of DNA degradation and soil water content. The amount of intact DNA 
decreased as the amount of moisture in the soil increased. The Jarrah soil (J) increased 
 about 15 % of its moisture content after 12 hours of sampling and gradually increased 
to about 90 % after 45 hours and was constant (Figure 6.1B). There was no increase in 
the moisture content of Murdoch soil (M) for in the 30-hour period of the experiment. 
The moisture content increased about 20 % and was constant for another 35 hours 
(Figure 6.1B).  Although there was no proportionate relationship between the DNA 
degradation and the water content of Murdoch soil, the DNA did degrade rapidly as the 
moisture content increased (Figure 6.1). The Compost Mix (C) did not lost much of its   140 
moisture during the sampling, staying constant at about 50 % for 80 hours (Figure 6.1 
B). Although the DNA did degrade within this 80-hour experimental period, the rate 
was slow when compared to those observed of the Jarrah and Murdoch soils (Figure 
6.1) with the DNA in Murdoch soil degrading the fastest. 
 
6.3.2  Experiment 2: Blocking DNA binding sites on the soil particles 
 
DNA can bind to soil particles and in this form is protected from degraded (Aardema et 
al., 1983; Lorenz et al., 1987). Factors such as soil binding can therefore lead to a false 
impression of the ability of DNA to be degraded in soil. We therefore carried out an 
initial experiment to block the DNA binding sites by addition of ctDNA to the soil. 
To block the DNA binding sites, a solution of calf thymus DNA was added to the soil at 
concentrations of 0.2 and 2 mg g soil
-1. The mixtures were centrifuged and the 
supernatants collected and aliquots electrophoresed on agarose gel. The results showed 
intense staining for the supernatant from the 2 mg soil but a less intense pattern for the 
0.2 mg soil (Figure 6.2, lanes 2 and 3). No staining was observed for the soil to which 
sterile water was added without any ctDNA. This residual ctDNA in the supernatant 
suggests that the binding sites have been saturated even at the lower concentration. 
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Figure 6.2 CtDNA blocking of soil pores and surface. Lane 1: Marker; lane 2: Soil spiked with 
2 mg ctDNA;  lane 3: Soil spiked with 0.2 mg ctDNA; lane 4: Control; lane 5: Wash from soil 
spiked with 2 mg ctDNA;  lane 6: Wash from soil spiked with 0.2 mg ctDNA;  lane 7: Wash 
from control sample;  lane 9: 0.2 mg/ml ctDNA;  lane 10: 2 mg/ml ctDNA. 
 
 
 
 
 
The soils were washed with water and aliquots analysed by gel electrophoresis. 
Considerable ctDNA was observed in the wash solution from the 2 mg soil (Figure 6.2, 
lane 5), but none from the 0.2 mg soil, or from the control (lanes 6 and 7). These results 
showed that the DNA binding sites appeared to be saturated by a concentration of 0.2 
mg ctDNA g soil
-1.  
 
6.3.3  Experiment 3: testing the effect of ctDNA and plasmid DNA on the 
persistence of plasmid DNA in soil 
 
The integrity of the extracted p34GFN plasmid DNA was confirmed by amplifying with 
primers HAMgfpF2 and HAMgfpR2 under the thermal cycling conditions described in 
section 6.2.2.2. The amplified product band which was detected on agarose at about  
480 bp confirmed the DNA fragment (Figure 6.3). This plasmid DNA extract was used 
in subsequent experiments. Plasmid p34GFN DNA was added to soil amended with 
different concentrations of ctDNA, or without ctDNA. DNA was extracted from the   142 
mixtures periodically and aliquots electrophoresed on an agarose gel to check the 
plasmid integrity. 
 
 
     
Figure 6.3 Amplified product of p34GFN plasmid DNA detected on agarose 
 
 
 
 
 
 
Electrophoresis of aliquots from the treated soil samples showed that there were 
fragments of the p34GFN plasmid DNA detected even after 24 hours post inoculation, 
T24 (Figure 6.4). The DNA fragments were detected in the 1-g soil samples that were 
inoculated with 1 mg plasmid DNA (lanes 2 - 4 and 14 - 16). However in the T24 sample 
which was treated with 2 mg ctDNA, the linear and circular covalent weight plasmid 
DNA fragments had disappeared leaving only the open circular fragment intact in the 
extract (lane 14). The circular covalent fragment had also disappeared in the soil 
samples treated with 0.2 mg ctDNA and control (lanes 15 and 16). The linear fragment 
was observed to have increased.  
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Figure 6.4 Ethidium bromide-stained agarose gel of DNA extracted from CtDNA treated soil 
samples which were inoculated with p34GFN plasmid DNA. The samples taken at ‘0-hr’ (T0) 
and ’24-hr’ (T24) consisted of the ctDNA treated samples (2 and 0.2 mg) and control (no 
ctDNA) and inoculated with plasmid DNA. They were arranged (when loading onto the gel) in 
this treatment order (2 mg, 0.2 mg, 0 mg CtDNA) eg., lanes 2, 3 & 4; 5, 6 & 7 etc; C & D:  
ctDNA (0.2 & 2 mg/ ml) and p34GFN plasmid DNA (0.1 & 1 mg/ml) preparations. Each 
sample well was loaded with 10 µl of DNA extracts.  
Lane 1: DNA size marker;  lanes 2 – 4: DNA extracts of 1mg plasmid DNA g soil
-1;  lanes 5 -7: 
DNA extracts of 0.1 mg plasmid DNA g soil
-1;  lanes 8 -10:  DNA extracts of 0.01 mg plasmid 
DNA g soil
-1; lanes 11 -13: control samples; lanes 14 – 25 are samples taken after 24 hours and 
loaded in the same sequence as lanes 2 – 13; lanes 26 and 27: 0.2 & 2 mg/ml CtDNA; lanes 29 
and 30: 0.1 & 1 mg/ml p34GFN plasmid DNA. 
 
 
 
At T0, a faint band was also detected in the samples which were inoculated with 0.1 mg 
plasmid DNA (lanes 5 and 7). These were the soil samples that had been previously 
treated with 2 mg ctDNA and the control in which ctDNA was replaced with water 
(Figure 6.2; lanes 2 and 4). There were no plasmid DNA fragments in the rest of the 
extracts but smearing which could be degraded DNA was observed in some of the 
samples (Figure 6.4; lanes 8, 10, 11, 13, 19, 21 and 25). The results showed that a 
concentration of 1 mg plasmid DNA g soil
-1 was sufficient to be able to measure 
plasmid survival in the absence of any added ctDNA. The results also showed that the   144 
plasmid was stable in soil over a 24-hr incubation period. Based on these results and 
those in section 6.3.2, we decided not to treat the soil samples with ctDNA prior to 
plasmid DNA inoculation for subsequent Southern hybridisation analysis. 
 
6.3.4  Experiment 4: Measuring the persistence of DNA by Southern 
Hybridisation 
 
The DIG-labelled probe for use in the study of the persistence of DNA by Southern 
hybridisation was prepared according to the manufacturer’s instructions (ROCHE 
Scientific, USA). The success of the labelling process was confirmed by a fragment 
band of 550 bp detected on agarose (Figure 6.5). This DIG-labelled probe was used in 
the hybridisation of the plasmid DNA in soil during Southern hybridisation analysis. 
 
 
   
       
     
Figure 6.5 DIG-labelled probe from the p34GFN fragment. Lane 1: Marker;  lane 2: Labelled 
p34GFN DIG probe;  lane 3: Kit (+) control;  lane 4: Kit (-) control;  lane 5: p34GFN plasmid 
DNA  
 
 
 
 
 
The integrity of the plasmid DNA in the three different soil types was monitored by 
Southern hybridisation. The detection on gel (Figure 6.6) was compared with that 
detected by Southern hybridisation. The results were similar except that upon   145 
observation, the bands from the Southern hybridisation of the 0.1 mg plasmid DNA 
(M0.1) were clearly defined (Figure 6.7). 
 
The photograph taken of the gel showed that the plasmid DNA in Murdoch soil had lost 
its fragments after 10 hours of incubation (Figure 6.6). Samples taken after 5 hours of 
incubation indicated that 1 mg plasmid DNA was very much intact in Murdoch soil 
(M1). However the intensity of the higher molecular weight fragment, circular covalent 
(CC) band was observed to be reducing as the incubation period continues. After 5 
hours, the CC fragment had disappeared. The intensity of the linear (L) and open 
circular (OC) bands were also visible but with an increase in the intensity of the linear 
bands with time.   
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Figure 6.6 Gel photograph showing the integrity of plasmid DNA in soil taken at different time 
intervals (0, 1, 2, 5, 10 & 24 hours, 2, 5, 10 & 20 days). M1, N1 & G1: 1 mg plasmid DNA g soil
-
1; M0.1, N0.1 & G0.1: 0.1 mg plasmid DNA g soil
-1; MC, NC & GC: controls; D: DNA size marker;  
Lanes 1-10, 11-20 & 21-30: DNA extracts of 1-g taken at 0, 1, 2, 5, 10 , 24, 48, 120, 240 and 
480 hours and 10 µl of the extract was loaded in each well in this order.  
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The plasmid fragments of the 5-hr incubation period were still detected on agarose but 
the bands very faint (Figure 6.6). However when analysed by Southern hybridisation, 
the fragments bands of the 1-mg plasmid DNA were detected after 10 hours. The bands 
were very faint for the sample taken after 24 hours of incubation while the CC fragment 
had disappeared (Figure 6.7). As for the 0.1 mg plasmid DNA, the amount of the CC 
fragments was reduced where after 2 hours, no CC fragments were observed. The linear 
(L) and open circular (OC) fragments were observed up to 5 hours after which the OC 
fragment disappeared (Figure 6.7) 
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Figure 6.7 Photograph of the plasmid integrity in three soil types taken at different time 
inetervals (0, 1, 2, 5, 10, 24 h, 2, 5, 10, 20 d) as analysed by Southern hybridisation. M1, N1 & 
G1: 1 mg plasmid DNA g soil
-1; M0.1, N0.1 & G0.1: 0.1 mg plasmid DNA g soil
-1; MC, NC & GC: 
controls; P: 1 mg/ ml p34GFN plasmid DNA preparation;  Lanes 1-10, 11-20 & 21-30: DNA 
extracts of 1-g taken at 0, 1, 2, 5, 10 , 24, 48, 120, 240 and 480 hours and 10 µl of the extract 
was loaded in each well in this order.    149 
The integrity of p34GFN plasmid DNA in the same soil type was assessed on four 
Jarrah soil samples (J1 – J4) including one garden soil sample (GC). A duplicate set of 
autoclaved samples were also assessed. The plasmid DNA which was extracted using 
Method 1 (section 2.2.1) was electrophoresed but no bands were observed on the gel.  
 
To confirm whether the plasmid DNA had partially or totally degraded, the extracts 
were amplified. These extracts together with those of Murdoch, Native and Gingin soils 
were amplified with primers HAMgfpF2 and HAMgfpR2 under the thermal cycling 
conditions described in section 6.2.2.2 (for confirmation of plasmid DNA). The 
amplified products were detected on 1.5 % agarose and photographed with the Kodak 
Digital Science™ DC120 camera (Life Technologies Pty Ltd, Australia) under UV 
illumination. 
 
The amplified products detected for Murdoch extracts were consistent with the results 
observed in Southern hybridisation analysis where DNA was detected over a 24-hour 
incubation period for the soil samples inoculated with 0.1 and 1 mg plasmid DNA g 
soil
-1 (Figure 6.8). The amplification of Gingin soil extracts were also consistent with 
the hybridisation results (Figure 6.7) where fragments of the plasmid DNA was 
observed for 2 hours after which they were totally degraded as no product bands were 
detected after amplification with the HAMgfpF2/R2 primers (Figure 6.8). The results of 
the amplified products of the Native soil sample (Figure 6.8) was consistent with those 
observed in Southern hybridisation (Figure 6.6) which indicated that the plasmid DNA 
was not extracted out. The plasmid DNA could either had totally degraded or adsorbed 
onto the soil particles. The results showed that the plasmid DNA was stable in Murdoch 
soil for 24 hours but much less in Gingin soil.   150 
 
 
Figure 6.8 Amplification products of plasmid DNA spiked soil with primers HAMgfpR2/F2 
detected on agarose. M1, N1, & G1: 1 mg plasmid DNA g soil
-1; M0.1, N0.1 & G0.1: 0.1 mg 
plasmid DNA g soil
-1; MC, NC & GC: Controls; Lane 1: DNA size marker; lanes 2 – 9: PCR of 
extracts from the 1-g subsamples collected at 0, 2, 5, 10, 24, 48, 120 & 240 hours 
 
 
 
 
 
Likewise for the Jarrah and Garden soil samples, a preliminary run of the DNA extracts 
of autoclaved and non-autoclaved soil samples did not show any positive results on 
agarose. PCR amplification with primers HAMgfpF2 and HAMgfpR2 was carried out 
to determine if the DNA had partially or totally degraded. The amplified products were 
detected on agarose for most of the extracts indicating that the plasmid DNA in the non-
autoclaved Jarrah and Garden soil samples (J1-J4 & GC) had broken down into smaller   151 
fragments. However, there were a few negatives detected from some samples which 
could be attributed to pipetting errors (Figure 6.9). As for the autoclaved samples, the 
plasmid DNA in the Jarrah soil samples (J1-J4) had broken down and the fragments 
detected as they were amplified by primers HAMgfpF2/R2 (Figure 6.10). There were no 
amplified products detected for any of the extracts of Garden soil sample (GC) collected 
throughout the 24-hr experimental period (Figure 6.10). 
 
 
 
 
 
Figure 6.9 Amplification of plasmid spiked soil extracts with primers HAMgfpF2/R2.  Lane 1: 
DNA size marker;  lanes 2 – 6: DNA extracts of the 1-g portion of soils J1 – J4 & GC collected 
at T0hr; lanes 7 – 11: DNA extracts of the 1-g portions of soils J1 – J4 & GC collected at T2hr; 
lanes 12 -16: DNA extracts of the 1-g portions of soils J1 – J4 & GC collected at T5hr; lanes 17 -
21: DNA extracts of the 1-g portions  of soils J1 – J4 & GC collected at T10hr; lanes 22 – 26: 
DNA extracts of the 1-g portions of soils J1 – J4 & GC collected at T24hr; lane 27: Negative 
control; lane 28: Positive control. Ten microliters of amplified product was loaded in each well. 
   152 
 
 
Figure 6.10 Amplified products of plasmid DNA spiked autoclaved soils. Lane 1: DNA size 
marker;  lanes 2 – 6: DNA extracts of the 1-g portion of soils J1 – J4 & GC collected at T0hr; 
lanes 7 – 11: DNA extracts of the 1-g portions of soils J1 – J4 & GC collected at T2hr; lanes 12 -
16: DNA extracts of the 1-g portions of soils J1 – J4 & GC collected at T5hr; lanes 17 -21: DNA 
extracts of the 1-g portions  of soils J1 – J4 & GC collected at T10hr; lanes 22 – 26: DNA extracts 
of the 1-g portions of soils J1 – J4 & GC collected at T24-hr; lane 27: Negative control; lane 28: 
Positive control. Ten microliters of amplified product was loaded in each well. 
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There was also a relationship observed between soil moisture content and the 
persistence of DNA in soil. Sub-samples of soil taken prior to the soil inoculation step 
(T0hr) and after 24 hours (T24hr) did not show any big differences in the amount moisture 
content calculated for the three different soil types, Murdoch (M), Native (N) and 
Gingin (G). Murdoch soil lost about 5 % of its moisture during the 24-hour period but 
there was no moisture lost observed in Native and Gingin soils (Figure 6.11). The 
percentage of moisture content (w/w) was calculated based on the difference in weight 
of wet and dry soil samples taken. 
 
As previously shown in Experiment 1 (section 6.3.1), it could be said that a relationship 
between the moisture content of soil and persistence of plasmid DNA in soil. This could 
be seen in the experiment with Murdoch soil where the plasmid DNA did not persist 
after 24 hours (Figures 6.7 and 6.8). However, from the results shown in Figure 6.11, 
Native and Gingin soils have higher moisture content than Murdoch soil at about 98 % 
(Figure 6.11). This higher moisture content could have influenced the degradation 
process causing the plasmid DNA to lose its integrity very rapidly (Figures 6.6 and 6.8).  
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Figure 6.11 Moisture content in similar and different soil types observed during the 24-hr 
period. M: Murdoch soil; N: Native soil;  G: Gingin soil; J1 – J4: Jarrah soil; GC: Garden soil 
 
 
 
 
As for the four jarrah soils, J1 – J4, two of the soils, J1 and J2 had similar water content 
of about 88 % while soils J3 and J4 contained about 65 % and 74 % respectively. There 
was only a small increase of moisture observed in the jarrah soils during the 24-hour 
sampling (Figure 6.11). The high moisture content could have caused the DNA to 
degrade very rapidly in the soils. This was consistent with the pattern observed in the 
persistence of plasmid DNA in these soils where it was shown that the plasmid had 
degraded during the 24-hour sampling period (Figures 6.9 and 6.10). The results 
showed that in the same geographical area but at different locations, soil water content 
may differ but not very much. Also soil of similar composition has small differences in 
their water content which contributes to the similar DNA availability or persistence in 
soil (Figures 6.9 and 6.10). The DNA also did not persist in Garden soil, GC which also 
had a high amount of moisture. 
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6.4  Discussion 
 
In this study, the degradation and persistence of DNA in soil were studied by observing 
and recording the amount of acid insoluble 
32P-labelled DNA and integrity of p34GFN 
plasmid DNA after incubation. Relationship between soil type, moisture content and 
DNA degradation and persistence are discussed. 
 
There was a decrease in the amount of acid-insoluble material in the three soils studied 
as the incubation continues which was also observed by Romanowski et al., (1992) in 
their study with 
3H-labelled DNA in three soils, loamy sand, clay and silty clay soils. In 
this study, visual observation of the compost mix indicated that it contained more 
organic material than either jarrah soil or forest soil. As they were all sandy, it showed 
that the soil component does affect the integrity of the DNA. As moisture can be 
trapped within the pores of the soil structure, it is possible that the pore water could 
have aided the DNA degradation process. The soil composition, structure and pore 
water could have contributed to the reasons why the Native and Gingin soils lost more 
moisture than did Jarrah soil as observed in the experiments. The latter was able to 
preserve the p34GFN plasmid DNA for 24 hours before the plasmid DNA started to 
disintegrate. The available soil water or moisture will also dictate the concentration of 
the microbial community, which in turn influences the subsequent degradation process 
as they will use DNA as a food source. 
 
The DNA integrity in soil was also observed to be influenced by the soil type as 
indicated from the experimental results where in Murdoch soil, the plasmid DNA could 
be detected for 24 hours of being inoculated but lost its integrity after 2 hours as 
observed in Gingin soil. It was found to be totally degraded in Native soil. The 
degradation pattern was found to be similar in same soil types as observed in the four   156 
Jarrah soils, J1 – J4 which as mentioned by Paget and Simonet (1994) could be due the 
similar interaction of DNA with the soil particles, hence the similar reactions.  
 
As the ionic content of the soils were not determined, it is difficult to say if the chemical 
composition of the soils had influenced the rate of DNA degradation. However the 
visual examination of the three soils did show that the Murdoch soil was granular and 
dry while the Native soil had organic-like substances among the sandy soil particles. 
Gingin soil was observed to be clayey or loamy in appearance. A soil testing could be 
carried out to determine the actual soil composition such as the granular size, elemental 
contents and soil water capacity. These data will assist in the explanations on effects of 
moisture and soil composition on the breakdown of DNA in soil. Adsorption of DNA 
onto clay and soil leading to preservation of DNA from being degraded by nucleases 
has been reported before (Lorenz et al., 1981; Aardema et al., 1983). Also this 
adsorption process could have attributed to no plasmid DNA extracted out from the 
Native soil. As the adsorption of DNA on sand and clay is pH dependent, the possibility 
of inefficient recovery of the plasmid DNA from the samples could not be ruled out 
(Roszack and Colwell, 1987; Ogram et al., 1988).  
 
Overall, it can be said that DNA can persist in the soil in different forms depending on 
the soil conditions as indicated by the amplified products detected. Thus it can be said 
that in the detection of Phytophthora DNA, the extracted DNA could also have been 
obtained from live tissues or pathogenic material. From the experimental 
demonstrations above, the DNA had broken down in Jarrah, Native and Gingin soil 
samples very rapidly indicating that it is possible to determine if the DNA detected 
using the diagnostic methods available were extracted from a live source. This study 
together with data and information gathered from other procedures such as plating and   157 
culture of soil samples previously carried out by other researchers (Sheppard and 
Forrester, 1977; Tsai, 1983, Rizzo et al., 2002) could improve and increase the 
reliability of DNA-based diagnostic methods.   158 
CHAPTER 7 
 
General discussion 
 
 
 
The aim of the work described in this thesis is to evaluate the use of MALDI-TOF MS 
for the detection of PCR products from species of Phytophthora.  In recent years PCR 
has increasingly been used to detect pathogens in soil or plant material (Goodwin et al., 
1990; Carder et al., 1994; Bonants et al., 1997; Lacourt et al., 1997; Matsumoto, 2002). 
This is because PCR detection is rapid, sensitive and highly specific compared to more 
traditional methods of detection such as baiting.  Despite these advantages however, 
PCR remains labour intensive and therefore expensive.  For instance, a recent study on 
sites infected by P. cinnamomi has indicated that to declare a site free of P. cinnamomi, 
analysis of 400 samples of soil by baiting or PCR was required (Davison, pers comm).  
The cost of mapping the disease by either baiting (Aus$70/ sample) or PCR (Aus$40/ 
sample) is prohibitive.  Since most of the costs of analysis are due to labour, the best 
way to reduce costs is to automate the analytical procedures.   
 
MALDI-TOF MS is a high-throughput analytical procedure suitable for analysis of 
large numbers of samples and amenable to automation.  In its simplest format, the 
extension (genotyping) primer is annealed to the PCR amplicon and then extended by a 
single base and the product detected.  Up to 384 samples can be loaded into the 
spectrometer at one time, and each reaction can be multiplexed.  The results can be 
loaded directly into a computer database. 
 
In this study we designed genotyping primers to four species of Phytophthora.  These 
were based on the ITS sequences where the locus from all species of Phytophthora can 
be amplified with the same primers. Is there sufficient variation in the ITS sequences to   159 
enable differentiation of all 60 species of Phytophthora with a single genotyping primer 
for each?  Schubert et al., (1999) reported that the ITS sequences of Phytophthora 
cambivora and Phytophthora quercina were not sufficiently different from those of 
related species to enable differentiation.  They achieved more success with primers 
based on RAPD-PCR fragments.  However, although annealing of a PCR primer is not 
sufficiently sensitive to detect differences of a single base pair in the primer binding 
site, the SNuPE reaction can detect such differences due to the differences in mass of 
the four nucleotides. To differentiate 60 species of Phytophthora requires a multiplex 
reaction with 3 primers each of which abuts an SNP site.  For each primer, there are 
four options.  This gives us a total of 4x4x4 = 64 variations.  It should also be 
emphasised that in many cases, we don't need to identify the species.  In screening 
material such as imported germplasm, the detection of any Phytophthora species would 
be sufficient to discard the material.  In this regard, the use of the Phytophthora general 
primer such as GPpalm3 would be very useful.  An additional advantage is that 
detection of ITS sequences is much more sensitive compared to detection of other loci 
such as the beta cinnamomin gene, or loci based on uncharacterised RAPD-PCR loci 
(Dobrowolski and O'Brien, 1993).  This may reflect the fact that the ITS sequences are 
high copy number. 
 
However in this study, it was shown that the efficiency of amplification also depended 
on the length of the amplicon.  Amplification of the entire region with the ITS1/4 primer 
pair was less efficient than amplification of the ITS1 region with the ITS1/2 primer pair 
or the ITS1/GPc primer pair.  This is due to the small size of the amplicon with the 
latter primer pairs.  A strategy to overcome this would be to amplify the ITS1 and ITS2 
regions independently using multiple primer pairs in the same reaction.  An alternative 
possibility would be to use a nested PCR reaction (Grote et al, 2002).     160 
Another problem faced in detection of Phytophthora species is that of the appearance of 
new species of Phytophthora (Schardl and Craven, 2003).  These may be detected by 
using genotyping primers to known species of Phytophthora.  However, this is where a 
generic Phytophthora primer such as GPpalm3 would again be very useful as it would 
allow the detection of such species. Baiting methods can also be a useful adjunct in 
detection of new species as demonstrated by Jung et al., (1999; 2001) and Garboletto et 
al., (2001; 2002). 
 
PCR is a very sensitive detection method capable of detecting as little as 1 µg mycelium 
per g soil.  What does this tell us about the potential for disease?  Whether or not 
infection occurs depends on the isolate, the host species and its physiological state 
(stressed or not), and the prevailing conditions such as temperature and moisture etc.  
Although they cannot tell us anything about the potential for infection, PCR tests are 
most useful to identify whether samples are infected.  Thus we can prevent the spread of 
infected material.  In Western Australia where P. cinnmomi is widespread, the 
movement of infested soil through activities such as roadbuilding and mining 
contributes significantly to the spread of the pathogen.  By identification of which soil is 
infested, the spread of the pathogen through these activities can be reduced or 
eliminated.  Similarly DNA detection tests can be used to screen plants at entry ports to 
detect infected plants.  In this case any infection is unacceptable and infected plants are 
removed and destroyed. 
 
A detection test such as the one developed in this thesis requires sophisticated robotic 
and analytical equipment far beyond the financial resources of many end-users.  It is not 
an “on-site” detection method.  How would such a test be used?  We envisage a system 
in which samples will be sent to a central laboratory for testing.  Extraction of DNA,   161 
PCR amplification and detection of the amplicons will be done by an automated high-
throughput robotic process.  Such a facility will  analyse large numbers of samples as 
the processes of extraction, and amplification are common to many different 
applications, eg., plant and animal breeding, biomedical testing, testing of 
environmental samples etc.  Thus a single facility can analyse samples for multiple end 
user applications.  Only the detection part of the process is application specific.  This 
will result in economies of scale that will significantly reduce the cost of analysis.   
 
The results presented in this thesis have demonstrated that MALDI-TOF mass 
spectrometry is a useful method for differentiation of species.  It is a high-throughput 
method amenable to automation.  What are the priorities for future research?  The test 
needs to be made more robust, less sensitive to impurities in the DNA.  Impurities that 
co-extract with DNA from soil have a significant inhibitory effect on PCR.  One avenue 
that needs to be explored is the use of different polymerases or perhaps the use of 
mixtures of different polymerases to overcome this problem.  Further research is also 
needed to enable large scale samples to be analysed.  This is particularly when 
screening asymptomatic plants such as at port of entry.  For a large plant a sample 
consisting of several hundred leaves may need to be extracted and analysed before one 
can say with certainty that the plant is free of infection.   
 
Another research priority is the survival of DNA in the soil or in plant material.  A 
frequent criticism of DNA detection methods is that they only detect DNA and cannot 
reveal whether the pathogen is alive or dead.  The countering argument is that the DNA 
would not survive very long after death of the pathogen and so the presence of DNA 
from the pathogen indicates current or recent infection.  This however requires research 
to measure the survival of DNA in soil.  Obviously the survival will depend on various   162 
parameters such as bacterial load, temperature, moisture etc and will differ with soil 
type and time of year. Despite this variation, we would expect that there are limits 
outside of which there is a reasonable degree of certainty that DNA would not survive.  
More work need to be done to establish these limits.   
 
Does DNA survive in plant material?  If a pathogen initiates infection, then dies, how 
long will the DNA of the pathogen persist?  The expectation is that it would be 
degraded fairly quickly but there have been nor reports of this.  It may depend on the 
plant tissue, (seed vs leaf tissue).   
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Appendix 1
>151 161 171 181 191 201 <
P.cambivora GGCTGC--TGCTGTGTGTCGGGCCCTATCA-TGGCGAGCGTTTGGGTCCCTCTCGGGGG-
P.cambivora GGCTGC--TGCTGTGTGTCGGGCCCTATCA-TGGCGAGCGTTTGGGTCCCTCTCGGGGG-
P.cambivora GGCTGC--TGCTGTGTGNCGGGCCCTATCA-TGGCGAGCGTTTGGGTCCCTCTCGGGGG-
P.cambivora GGCTG---CTGCTGTGTGTCGGGCCCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.cambivora GGCTG---CTGCTGTGTGTCGGGCCCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.cambivora GGCTG---CTGCTGTGTGTCGGGCCCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.cambivora ------------------------------------------------------------
P.cambivora GGCTG---CTGCTGTGTGTCGGGCCCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.cambivora GGCTG---CTGCTGTGTGTCGGGCCCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola ------------------------------------------------------------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citricola CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.citrophthora CC------CTATCATGG-----------------CGAATGTTT-GGACTTCG--------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae AA------AAAAAGGCG-----------------AGCGTTTGG-GCCCCGGC--------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.palmivora GG------AGAGCTCTA-----------------TCATGGCGA-GCGTTTGG--------
P.palmivora GG------AGAGCTCTA-----------------TCATGGCGA-GCGTTTGG--------
P.palmivora GG------AGAGCTCTA-----------------TCATGGCGA-GCGTTTGG--------
P.palmivora GG------AGAGCTCTA-----------------TCATGGCGA-GCGTTTGG--------
P.palmivora GG------AGAGCTCTA-----------------TCATGGCGA-GCGTTTGG--------
P.cinnamomi GGCTGC—TGCTGCGTGGCGGCCCCTATCACTGGCGAGGGTTTGGGCCCCTCTCGGGGG--
P.cinnamomi GTTGGAGGCCACCAGGGGTGTGTT----ACTGGCGAGGGTTTGGTTTCTTTTGTTGGAAC
P.cinnamomi GGTTG-CTGTTGCGTGGGGGGCCC-TATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi GGTTG-CTGTTGCGTGGGGGGCCC-TATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi GGTTGTCTGTTGCGTGGGGGGCCCATATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi GGTTG-CTGCTGCGTGGGGGGCCC-TATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi GGTTG-CTGCTGCGTGGGGGGCCC-TATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi GGCTG-CTGCTGCGTGGCGGGCCC-TATCACTGGCGAGCGTTT-GGGTCCCCCTCGGGGG
P.cinnamomi ACAA----CACCGCCGGTTCAAACGCCAAACTGGCGAGGGTTTGGGTTCACCGATCCGTA
P.cinnamomi ACAA----CACCGCCGGTTCAAACGCCAAACTGGCGAGGGTTTGGGTTCACCGATCCGTA
P.sojae GCGGCTGGCTGCTGTGTGGCGGGCTCTATCATGGCGAGCGTTT-GGGTCCCTCTCGGGGG
P.sojae AC------CTATCACG------------------CGACCGCTC-GGGCTGAAAA------
P.megasperma TC------TATCAAAGG-----------------CGAGCGTTT-GGACCTCG--------
P.megasperma TC------TATCAAAGG-----------------CGAGCGTTT-GGACCTCG--------
P.megasperma TC------TATCAAAGG-----------------CGAGCGTTT-GGACCTCG--------
P.megasperma ------------------------------------------------------------
P.megasperma CGGCGGCTCTATCATGG-----------------CGACCGCTT-GGGCCTCG--------
P.megasperma GGCTG----GCTGGGTGGCGG-CTCTATCA-TGGCGACCGCTTGGG----TCTCGGC---
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------
P.megasperma CGGCGTGCTGCTGCTGGGCGGGCTCTATCATGGGCGAGCGTTT-GGGCTTCG--------183
>241 251 261 271 281 291 <
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAA-
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora ------------------------------------------------------------
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cambivora AACCCATTCTTGAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGCGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola ------------------------------------------------------------
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAA-
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTCTACAAT-----ACTGATT-ATACTGCGGGGACGAAAGTCTCTGCTTTTAAC
P.citricola AACCCATTTCACAAT-----ACTGATT-ATACTGCGGGGACGAAAGTCTCTGCTTTTAAC
P.citrophthora AACCCATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTNTCTGCTTTTAAC
P.citrophthora AACCCATTTACGAAT-----ACTGATT-ATACTGTGGGGACGAAAGTNTCTGCTTTTAAC
P.citrophthora AACCCATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citrophthora AACCCATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citrophthora AACC-ATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.citrophthora AACC-ATTTAACAAT-----ACTGATT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae AACCCATCCCTTAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTTCTTTTAAC
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.nicotianae ------------------------------------------------------------
P.palmivora AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC
P.palmivora AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC
P.palmivora AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC
P.palmivora AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC
P.palmivora AACCCATTCTTTATA-----ACTGATT-ATACTGTAGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATTCTGTAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi ACCCATTTTTTGAATGAAAAACTGAAC-ATACTGGGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATCCTGTAAT-----ACTG-AACATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATCCTGTAAT-----ACTG-AACATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi A-CCCATCCTGTAAT-----ACTATAACATACTGGGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATCCTGTAAT-----ACTG-AACATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATCCTGTAAT-----ACTG-AACATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AACCCATTCTGTAAT-----ACTG-AACATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.cinnamomi AGCGCTTTGTTCAGCCG--AAGCCAACCATACCGC-GAATCGAACACTCCTCCATTAAAC
P.cinnamomi AGCGCTTTGTTCAGCCG--AAGCCAACCATACCGC-GAATCGAACACTCCTCCATTAAAC
P.sojae AACCCATTCTTAAAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.sojae AACCCATTCCGAACT-----ACTGAATCATACTGTGGGGACGAAAGTCCTTGCTTTTAAC
P.megasperma ACCCATTCTTTACAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma ACCCATTCTTTACAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma ACCCATTCTTTACAT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma ------------------------------------------------------------
P.megasperma AACCCATTCCTAATT-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCATTCCTAATG-----ACTGAAT-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCTTTCTTAAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAA-
P.megasperma AACCCTTTCTTAAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCTTTCTTAAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCATTCTTAATT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCTTTCTTAAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC
P.megasperma AACCCTTTCTTAAAT-----ACTGAAC-ATACTGTGGGGACGAAAGTCTCTGCTTTTAAC184
>541 551 561 571 581 591 <
P.cambivora ------------------------------------------------------------
P.cambivora ------------------------------------------------------------
P.cambivora ------------------------------------------------------------
P.cambivora GTCTTGCGGG-TGG-CTTC-------GGGCTGCCCTGCGAGTCCCTTGAAATGTACTGAA
P.cambivora GTCTTGCGGG-TGGTCTTC-------GGGCTGCC-TGCGAGTCCCTTGAAATGTACTGAA
P.cambivora GTCTTGCGGG-TGGTCTTC-------GGGCTGCC-TGCGAGTCCCTTGAAATGTACTGAA
P.cambivora GTCTTGCGGG-TGGTCTTC-------GGGCTGGC-TGCGAGTCCCTTGAAATGTACTGAA
P.cambivora GTCTTGCGGG-TGGTCTTC-------GGGCTGCC-TGCGAGTCCCTTGAAATGTACTGAA
P.cambivora GTCTTGCGGG-TGGTCTTC-------GGGCTGGC-TGCGAGTCCCTTGAAATGTACTGAA
P.citricola GTCTTGCAGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA
P.citricola GTCTTGCGGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA
P.citricola GTCTTGCGGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA
P.citricola GTCTTGCAGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGA-
P.citricola GTCTTGCAGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA
P.citricola GTCTTGCGGG-TGTCCTTC-------GGGTCGTC-TGCGAGTCCTTTGAAATGTACTGAA
P.citricola -----------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citrophthora ------------------------------------------------------------
P.citrophthora ------------------------------------------------------------
P.citrophthora GTCTTGCGGT-TTTTGTGCCTTCGG-GCCGTGGC-TGCGAGTCCTTTGAAATGTACTGAA
P.citrophthora GTCTTGCGGT-TTTTGTGCCTTCGG-GCCATGGC-TGCGAGTCCTTTGAAATGTACTGA-
P.citrophthora GTCTTGCGGT-TTGTGTGCCTTCGG-GCCGAGGC-TGCGAGTCCTTTGAAATGTACTGAA
P.citrophthora GTCTTGCGGT-TTGTGTGCCTTCGG-GCCGAGGC-TGCGAGTCCTTTGAAATGTACTGAA
P.nicotianae GTCTTGCGAT-TGGTCTTC-------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA
P.nicotianae GTCTAGCGAT-TGGTCTCC-------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA
P.nicotianae GTCTTGCGAT-TGGNCTNC-------GGACCGGN-TGCGAGNCCTTTTAAATGTACTAAA
P.nicotianae GTCTTGCGAT-TGGTCTTCC------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA
P.nicotianae GTCTTGCGAT-TGGTCTTC-------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA
P.nicotianae GTCTTGCGAT-TGGTCTTC-------GGACCGGC-TGCGAGTCCTTTTAAATGTACTAAA
P.nicotianae -----------------------------------------------AAAAACTTTCCAC
P.nicotianae -------------------------------------CCACACCTAAAAAAACTTTCCAC
P.nicotianae --------------------------AAGGATCA-TTACCACACCTAAAAAACTTTCCAC
P.nicotianae --------------------------AAGGATCA-TTACCACACCTAAAAAACTTTCCAC
P.palmivora GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA
P.palmivora GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA
P.palmivora GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA
P.palmivora GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA
P.palmivora GTCTTGCGGC-TGGTCTTC-------GGATCGGC-TGTGAGTCCTTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC--------GGACTGGCTGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi TTTGTCTTGCTCTGGCTCGAACTCGCTGGGCAGG-AGCAAGTCCCTTTAAA-GTACGGAC
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GTCTTGCGGG-CGGTCTTC-------GGACTGGC-TGTGAGTCCCTTGAAATGTACTGAA
P.cinnamomi GGAAGTGCAATATGCGTTCAAAATTTCGATGACTCACTGAATCC--TGCAATTCGCATTA
P.cinnamomi GGAAGTGCAATATGCGTTCAAAATTTCGATGACTCACTGAATCC--TGCAATTCGCATTA
P.sojae GTCTTGCGGCGTGGCCTTC-------GGGCTGCC-TGCGAGTCCCTTGAAATGTACTGAA
P.sojae GTCTTGCGGCGTGGACTTC-------GGGCTGCC-TGCGAGTCCCTTGAAATGTACTGAA
P.megasperma GTCTTGCTGC-TGGTCTTT----CG-AGTCCGGC-GGTGAGTCCTTTGAAATGTACTGAA
P.megasperma GTCTTGCTGC-TGGTCTTT----CG-AGTCCGGC-GGTGAGTCCTTTGAAATGTACTGAA
P.megasperma GTCTTGCGGC-TGGTCTT-----CG-AGTCCGGC-TGCGAGTCCTTTGAAATGTACTAAA
P.megasperma GTCTTGCTAG-CGGTCTTT----CG-AGTCTGCC-GGTGAGTCCTTTTAAATGTACTGAA
P.megasperma GTCTTGCGGC-TGGTCTTC-------GGTCCGGC-TGCGAGTCCTTTGAAATGTACTAAA
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma AGCGGTCTTTCGAGTCTGCCGGTGAGTCCTTTTAAATGTACTGAACTGTACTCTCTCTTT
P.megasperma AGCGGTCTTTCGAGTCTGCCGGTGAGTCCTTTTAAATGTACTGAACTGTACTCTCTCTTT185
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P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cambivora G----CGGTGTTGGTCGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.citricola G----GCTTTTGCT-GTTGCCAA--ATAGAGAGGCCGGTTCC-------------CC-GC
P.citricola G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.citricola G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.citricola G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTCCGGC-------------TG-TC
P.citricola G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTCCGGC-------------TG-TC
P.citricola G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.citricola ------------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citricola ------------------------------------------------------------
P.citrophthora ------------------------------------------------------------
P.citrophthora ------------------------------------------------------------
P.citrophthora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.citrophthora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.citrophthora G----CTTTGCTGT-T--------------------------------------------
P.citrophthora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.nicotianae G----CTNTGCTGT-TNCGAAGT--AGGGTGGCANCNTCGGT-------------TG-TC
P.nicotianae G----CTTTGCTGT-TGCGAAGT--AGGGTGGCANCTTCGGT-------------TG-TC
P.nicotianae G----CTTTGCTGT-TGCGAAGT--AGGGTGGCAGCTTCGGT-------------TG-TC
P.nicotianae GN---CTTTGCTGT-TGCGAAGTTAAGGGTGGCAGCTTCGGT-------------TGCTC
P.nicotianae G----CTTTGCTGT-TGCGAAGT--AGGGTGGCAGCTTCGGT-------------TG-TC
P.nicotianae G----CTTTGCTGT-TGCGAAGT--AGGGTGGCAGCTTCGGT-------------TG-TC
P.nicotianae ------------------------------------------------------------
P.nicotianae GA---TAGCAACTT-TCAGCAGTGGATGTCTAGGCTCGCACA-------------TCGAT
P.nicotianae GA---TAGCAACTT-TCAGCAGTGGATGTCTAGGCTCGCACA-------------TCGAT
P.nicotianae GA---TAGCAACTT-TCAGCAGTGGATGTCTAGGCTCGCACA-------------TCGAT
P.palmivora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.palmivora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.palmivora G----CTTTGCTGT-TGCGAAAT--AAAGTGGCGGCTTCG-C-------------TG-TC
P.palmivora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.palmivora G----CTTTGCTGT-TGCGAAGT--AGAGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi TT---AATAGTGGTACTCTAGATATAACCAACATATTCTGACGT--CTTACTTCGA----
P.cinnamomi G----CGGTGTTGTTCGCGAAGT--AGGGTGGCGGTTCCGGT-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.cinnamomi CCGCCCAGAGCAGGCCCCCAACT—AATTGGGTTGATACGGTTCCACGTGGAA AGTTTTT
P.cinnamomi CCGCCCAGAGCAGGCCCCCAACT--AATTGGGTTGATACGGTTC-ACGTGGAAAGTTTTG
P.sojae G----CGGTGTTGT-TGCGAAGT--AGGGTGGCGGCTTCGGC-------------TG-TC
P.sojae T----GTTCGTGCGGAGCGAAGT--AAGGTGGGCGTGACTGT-----AG-TGTTATGGCC
P.megasperma G----CTTTGCTGTTTGCGAAGT--AGAGCGGCGGCTTCGGC-------------TG-TC
P.megasperma G----CTTTGCTGTTTGCGAAGT--AGAGCGGCGGCTTCGGC-------------TG-TC
P.megasperma G----CTTTGCTGTTTGCGAAGT--AGAGCGGCGGCTTCGGC-------------TG-TC
P.megasperma G----CTTTGCTN--TGCGAAGT--AGTGTGGCGGCTTCGGC-------------TG-TC
P.megasperma T----GGCGGTGTGGTGCGAAGT--AGGGTGTCTGTTCCGGCGC—AAGCTGGG GTGGGC
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma ------------------------------------------------------------
P.megasperma GA---GGGGTCGATCCATTTTGGGAAACTTTGTGTGTGCGGCTT--CGTGCTGCGCGCAT
P.megasperma GA---GGGGTCGATCCATTTTGGGAAACTTTGTGTGTGCGGCTT--CGTGCTGCGCGCAT
Appendix 1 Aligned consensus of ITS sequences of 60 Phytophthora isolates showing the conserved
regions. The regions taken to design the four genotyping (extension) primers are highlighted and
underlined. The indicator SNPs are highlighted in red. Assession numbers and MUCC isolates ID used in
the multi-alignment are given in Table 3.1  182 
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Table A2.1 BLAST search results of the short sequence (5’-CTGGCGAGCGTTTGG-3’) 
selected as the primer GPc___________________________________________________ 
 
________________________________________________________________________ 
NCBI accession numbers  Species with similar sequences          Score (bits)  E-value 
AY840117.1    Phytophthora cinnamomi        30        20  
AY840116.1    Phytophthora cinnamomi         30        20  
AY840115.1    Phytophthora cinnamomi        30        20  
AY840114.1    Phytophthora cinnamomi         30        20  
AY840113.1    Phytophthora cinnamomi         30        20  
AY840112.1    Phytophthora cinnamomi        30        20  
AY840111.1    Phytophthora cinnamomi         30        20  
AY840110.1    Phytophthora cinnamomi         30        20  
AY840109.1    Phytophthora cinnamomi        30        20  
AY829465.1    Phytophthora cinnamomi        30        20  
AF266764.1    Phytophthora cinnamomi        30        20  
AY302184.1    Phytophthora cinnamomi        30        20  
AY302183.1    Phytophthora cinnamomi        30        20  
AY302182.1    Phytophthora cinnamomi        30        20  
AY302181.1    Phytophthora cinnamomi        30        20  
AY302180.1    Phytophthora cinnamomi         30        20  
AY302179.1    Phytophthora cinnamomi        30        20  
AY302178.1    Phytophthora cinnamomi        30        20  
AY302177.1    Phytophthora cinnamomi         30        20  
AY302176.1    Phytophthora cinnamomi         30        20  
AY302175.1    Phytophthora cinnamomi        30        20  
AY302174.1    Phytophthora cinnamomi        30        20  
AY302173.1    Phytophthora cinnamomi        30        20  
AY302172.1    Phytophthora cinnamomi        30        20  
AY302171.1    Phytophthora cinnamomi        30        20  
AY302170.1    Phytophthora cinnamomi        30        20  
AY302169.1    Phytophthora cinnamomi         30        20  
AY302168.1    Phytophthora cinnamomi        30        20  
AY302167.1    Phytophthora cinnamomi        30        20  
AY302166.1    Phytophthora cinnamomi         30        20  
AY302165.1    Phytophthora cinnamomi        30        20  
AY302164.1    Phytophthora cinnamomi         30        20  
AY302163.1    Phytophthora cinnamomi         30        20  
AY302162.1    Phytophthora cinnamomi         30        20  
AY302161.1    Phytophthora cinnamomi         30        20  
AY302160.1    Phytophthora cinnamomi         30        20  
AY302159.1    Phytophthora cinnamomi         30        20  
AY302158.1    Phytophthora cinnamomi         30        20  
AY302157.1    Phytophthora cinnamomi         30        20  
AY302156.1    Phytophthora cinnamomi         30        20  
AY302155.1    Phytophthora cinnamomi         30        20  
AY302154.1    Phytophthora cinnamomi         30        20  
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Cont.Table A2.1 
__________________________________________________________________________ 
NCBI accession numbers  Species with similar sequences          Score (bits)  E-value_ 
AY302153.1    Phytophthora cinnamomi        30        20  
AY302152.1    Phytophthora cinnamomi         30        20  
AY302151.1    Phytophthora cinnamomi        30        20  
AY302150.1    Phytophthora cinnamomi        30        20  
AY302149.1       Phytophthora cinnamomi        30        20  
AY302148.1      Phytophthora cinnamomi        30        20  
AY302147.1      Phytophthora cinnamomi        30        20  
AY302146.1      Phytophthora cinnamomi        30        20  
AY302145.1      Phytophthora cinnamomi         30        20  
AY302144.1      Phytophthora cinnamomi         30        20  
AY302143.1      Phytophthora cinnamomi         30        20  
AY302142.1      Phytophthora cinnamomi        30        20  
AJ421265.2    Phytophthora cinnamomi        30        20  
AY745752.1      Phytophthora cinnamomi        30        20  
AY684914.1      Phytophthora cinnamomi        30        20  
AY251661.1      Phytophthora cinnamomi         30        20  
AY251660.1      Phytophthora cinnamomi         30        20  
AY251652.1      Phytophthora drechsleri         30        20  
L76534.1      Phytophthora cinnamomi     30        20  
L76533.1      Phytophthora cinnamomi       30        20  
L76532.1      Phytophthora cinnamomi        30        20  
L76531.1      Phytophthora cinnamomi      30        20  
AF087478      Phytophthora cinnamomi         30        20  
AJ457835.2      Phytophthora cinnamomi        30        20  
AF242833.1      Phytophthora cinnamomi          30        20  
AF242820.1      Phytophthora cinnamomi           30        20  
AF242795.1      Phytophthora cinnamomi           30        20  
L41374.1      Phytophthora cinnamomi         30        20  
AJ344546.1      Phytophthora cinnamomi         30        20  
AJ344545.1      Phytophthora cinnamomi        30        20  
Y08656.1      Phytophthora cinnamomi         30        20  
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Table A2.2 BLAST search results of the short sequence (5’-AGGGACGAAAGTCTCTGC-3’) 
selected as the primer GPpalm3___________________________________________________ 
 
__________________________________________________________________________ 
NCBI accession numbers  Species with similar sequences          Score (bits)     E-value 
AF266780.1    Phytophthora palmivora        30       20  
AY423300.1    Phytophthora palmivora         30           20  
AY744949.1    Phytophthora palmivora         30           20  
AY742734.1    Phytophthora palmivora         30           20  
AY745751.1    Phytophthora palmivora.        30           20   
AY745750.1    Phytophthora palmivora        30           20  
AY208127.2    Phytophthora palmivora        30           20  
AY251648.1    Phytophthora palmivora         30           20  
AY251647.1    Phytophthora palmivora         30           20  
AY208126.1    Phytophthora palmivora         30           20  
AF228088.1    Phytophthora palmivora       30           20  
AF228087.1    Phytophthora palmivora       30                20  
AJ517464.1    Phytophthora palmivora        30           20  
AJ517463.1    Phytophthora palmivora        30           20  
AJ517462.1    Phytophthora palmivora       30           20  
AF242782.1    Phytophthora palmivora        30           20  
L41384.1     Phytophthora palmivora       30           20  
AY627576.1    Uncultured bacterium clone       30           20  
AF465761.1    Peronospora arborescens        30           20  
AF465758.1    Peronospora rumicis        30           20  
AC021087.5    Homo sapiens chromosome 5       30           20  
AL646063.1    Ralstonia solanacearum         30           20  
U40491.1     Lymnaea stagnalis conopress      30           20  
AY198292.1    Peronospora arborescens        30           20  
AY198288.1    Peronospora obovata         30           20  
AY198287.1    Peronospora rumicis         30           20  
AY198247.1    Peronospora sordida         30           20  
AY198227.1    Peronospora aestivalis         30           20  
AF266781.1    Phytophthora arecae         30           20  
AY833601.1    Phytophthora porri         28           78  
AY840117.1    Phytophthora cinnamomi        28           78  
AY840116.1    Phytophthora cinnamomi        28           78  
AY840115.1    Phytophthora cinnamomi        28           78  
AY840114.1    Phytophthora cinnamomi         28           78  
AY840113.1    Phytophthora cinnamomi         28           78  
AY840112.1    Phytophthora cinnamomi         28           78  
AY840111.1    Phytophthora cinnamomi         28           78  
AY840110.1    Phytophthora cinnamomi         28           78  
AY840109.1    Phytophthora cinnamomi         28           78  
AY833532.1    Phytophthora citricola         28           78  
AY833531.1    Phytophthora citricola         28           78  
AY833530.1    Phytophthora citricola         28           78  
AY833529.1    Phytophthora citricola         28           78  
AY833528.1    Phytophthora nicotianae         28           78  
AY833527.1    Phytophthora nicotianae         28           78  
AY833526.1    Phytophthora nicotianae         28           78    185 
Table A2.3 BLAST search results of the short sequence (5’-TCTGCGAGTCCTTTG-3’) 
selected as the primer GPhy3_________________________________________________ 
 
_________________________________________________________________________ 
NCBI accession numbers  Species with similar sequences          Score (bits)  E-value_ 
AY833532.1    Phytophthora citricola        30        20  
AY833531.1    Phytophthora citricola        30        20  
AY833530.1    Phytophthora citricola        30        20  
AY833529.1    Phytophthora citricola        30        20  
AY366193.1    Phytophthora citricola         30        20  
AF266788.1    Phytophthora citricola        30        20  
AY785954.1    Phytophthora citricola        30        20  
AY785953.1    Phytophthora citricola        30        20  
AY787783.1    Phytophthora citricola        30        20  
AY769942.1    Phytophthora citricola        30        20  
AY769941.1    Phytophthora citricola        30        20  
AY670705.1    Phytophthora citricola         30        20  
AF228080.1    Phytophthora citricola        30        20  
Y08659.1     Phytophthora citricola     30        20  
AJ007370.1    Phytophthora citricola        30        20  
AY525787.1    Phytophthora citricola         30        20  
L41375.1     Phytophthora citricola       30        20  
AY198239.1    Peronospora aff. potentillae       30        20  
AY198238.1    Peronospora potentillae        30        20  
U18868.1     Squalus acanthias          30        20  
AF266790.1    Phytophthora multivesiculata      30        20  
AF266789.1    Phytophthora inflata        30        20  
AB020861.1    Homo sapiens genomic DNA        30        20  
AC124074.2    Homo sapiens chromosome 8      30        20  
AC096625.25    Mus musculus clone rp23-388i7     30        20  
AE003470.4    Drosophila melanogaster         30        20  
AC010711.5    Drosophila melanogaster         30        20  
AC091127.3    Drosophila melanogaster         30        20  
AC124243.3    Homo sapiens chromosome 8      30        20  
L41386.1     Phytophthora syringae        30        20  
AC122526.4    Mus musculus BAC clone      28        78  
AY616757.1    Phytophthora ramorum isolate      28        78  
AC125405.4    Mus musculus BAC clone        28        78  
AC095022.4    Sus scrofa clone RP44-374C1      28        78  
AC122887.2    Mus musculus BAC clone      28        78  
AY833607.1    Phytophthora ramorum       28        78  
NM_168767.1    Drosophila melanogaster         28        78  
BX294108.15    Mouse DNA sequence    28        78  
AY829466.1    Phytophthora syringae         28        78  
AY251665.1    Phytophthora botryose        28        78  
AY251664.1    Phytophthora botryose        28        78  
AY251659.1    Phytophthora citrophthora        28        78  
AY251658.1    Phytophthora citrophthora        28        78  
AY251657.1    Phytophthora colocasiae        28        78  
AY251656.1    Phytophthora colocasiae         28        78  
AY251655.1    Phytophthora colocasiae        28        78    186 
Table A2.4 BLAST search results of the short sequence (5’- CGCGAAGTAGGGTGGC-3’) 
selected as the primer GPhy4_________________________________________________ 
 
_________________________________________________________________________ 
NCBI accession numbers  Species with similar sequences          Score (bits)  E-value_ 
AY787031.1    Phytophthora cambivora       32     5.0    
AY787030.1    Phytophthora cambivora      32     5.0    
AY787029.1    Phytophthora cambivora       32     5.0    
AY787028.1    Phytophthora cambivora       32     5.0    
AF266763.1|    Phytophthora cambivora      32     5.0    
AY423291.1    Phytophthora cambivora       32     5.0    
AF087479.1    Phytophthora cambivora      32     5.0    
AF139369.1    Phytophthora cambivora         32     5.0    
AJ344548.1    Phytophthora cambivora       32     5.0    
AJ344547.1    Phytophthora cambivora       32     5.0    
Y08655.1     Phytophthora.cambivora      32     5.0    
AJ007040.1    Phytophthora cambivora        32     5.0    
AJ438991.1    Phytophthora cambivora       32     5.0    
AF266762.1    Phytophthora fragariae var. fraga...      32     5.0    
AF266761.1    Phytophthora fragariae var. rubi ...      32     5.0    
AY689137.1    Phytophthora alni           32     5.0    
AY689136.1    Phytophthora alni          32     5.0    
AY689135.1    Phytophthora alni          32     5.0    
AY689134.1    Phytophthora alni          32     5.0    
AY689133.1    Phytophthora alni          32     5.0    
AY689132.1    Phytophthora alni          32     5.0    
AY689131.1    Phytophthora alni           32     5.0    
AF449495.1    Phytophthora uliginosa         32     5.0    
AF449493.1    Phytophthora europaea        32     5.0    
AF449492.1    Phytophthora europaea.        32     5.0    
AF449491.1    Phytophthora europaea        32     5.0    
L76535.1     Phytophthora cinnamomi.     32     5.0    
AF139370.1    Phytophthora fragariae        32     5.0    
AF139368.1    Phytophthora sp. P770        32     5.0    
AF139367.1    Phytophthora sp. P876        32     5.0    
AF139366.1    Phytophthora sp. P670         32     5.0    
AJ344549.1    Phytophthora fragariae...        32     5.0    
Y08666.1     Phytophthora fragariae     32     5.0    
Y08664.1     Phytophthora fragariae    32     5.0    
AY840117.1    Phytophthora cinnamomi        30        20  
AY840116.1    Phytophthora cinnamomi        30        20  
AY840115.1    Phytophthora cinnamomi        30        20  
AY840114.1    Phytophthora cinnamomi        30        20  
AY840113.1    Phytophthora cinnamomi        30        20  
AY840112.1    Phytophthora cinnamomi        30        20  
AY840111.1    Phytophthora cinnamomi        30        20  
AY840110.1    Phytophthora cinnamomi        30        20  
AY840109.1    Phytophthora cinnamomi        30        20  
AY833528.1    Phytophthora nicotianae        30        20  
AY833527.1    Phytophthora nicotianae        30        20  
AY833526.1    Phytophthora nicotianae        30        20  